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NUMMARY
The mechanical degradation of several [0,90,03 fibre reinforced 
cross ply composite materials has been investigated under both 
wet and dry conditions. The tensile characteristics of the 
material have been determined in air, and their resistance to 
corrosion by various acidic and basic solutions assessed.
Particular attention has been focussed on the geometry of the 
laminate, the nature of the fibre/matrix interface, and the
post-cure temperature.
A computer programme has been developed which predicts the
occurrence and location of the first crack in the transverse 
ply, and subsequent cracking sequences. The inherent thermal 
strains were found to have a detrimental influence on the 
durability of the laminates under both dry tensile and 
corrosive environments. This effect could be enhanced by 
either an increase in post-cure temperature, an increase in the 
transverse ply thickness, or a local concentration of glass 
fibres. A significant improvement in both dry and wet
performance was observed when laminates were prepared with 
discrete transverse tows of fibre.
A number of different types of fibre reinforcement have been 
incorporated into the laminate coupons to determine the role of 
the fibre/matrix interface. The coating on the fibre was found 
to regulate the corrosion process indicating that the debonding 
occurs at the fibre coating/matrix interface. Some evidence 
suggested that good fibre/matrix adhesion could improve the dry 
tensile performance.
The effect of several corrosive environments on the stress 
corrosion of single E-glass filaments has been evaluated and 
compared with the corrosion resistance of the laminates which 
they reinforce. The nucléation of damage in laminates did not 
correlate with single filament failure times which implied that 
damage nucléation in the laminates was more dependent upon the 
solubility of the glass degradation products.
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GLOSSARY OF TERMS
a Flaw length
b Longitudinal ply thickness
c Laminate width
Cq Inherent flaw size
D Diffusivity
d Transverse ply semi-thickness
dc Concentration gradient
dF Incremental load transfer
dy Incremental distance
Composite tensile modulus 
E^ Fibre tensile modulus
E^ Longitudinal ply tensile modulus
Matrix tensile modulus 
E^ Transverse ply tensile modulus
F Load
F^ Load transferred into transverse ply
Composite shear modulus 
G^ Gauge factor
G^ Matrix shear modulus
G^ Transverse ply shear modulus
Stress intensity 
L,y Distance from crack
Ep Thickness of plate, length of coupon
M^ Weight absorbed after time t
M^ Weight absorbed at equilibrium
N Number of surviving fibres
N- Number of fibres
II
No Number of fibres in bundle
Number of fibre tows per mm
n Number of plies
Number of fringes
Q Diffusion term
R Matrix displacement variable (= fibre separation A)
Rc Calibration resistance
r Fibre radius
S Cross sectional area
s Sample gauge length
T Temperature
Ambient temperature
h Stress free temperature
t Crack spacing or time in seconds
% Energy loss
V Crack velocity
Volume fraction of glass fibres
V Volume fraction of matrixm
^1 Longitudinal ply poisson ratio
Transverse ply poisson ratio
V Weight of glass fibre per metre
y,L Distance from crack
“i Coefficient of thermal expansion for the 0* plies
“t Coefficient of thermal expansion for the 90“ plies
Ï Fracture surface energy
^Gc Critical energy release rate
Interfacial fracture surface energy
Matrix fracture surface energy
?t Transverse ply fracture surface energy
A Inter fibre separation
Ill
AV Work done by applied stress per unit area
AUg Increase in stored energy per unit area
A<r^  Interfacial stress in plane of crack
Applied strain
Longitudinal splitting strain
Transverse thermal strain (longitudinal ply)
c Matrix failure strainmu
Longitudinal thermal strain (transverse ply)
Average transverse first cracking strain 
Transverse ply failure strain 
0 Designated angle in degrees
X Wavelength
p Refractive index of glass fibre
P Density of glass fibre
O
0*^  Applied stress
(Tp Fracture strength
O' Matrix failure stressmu
0'^  ^ Transverse ply failure stress
T Interfacial shear stress (Bonded)
T ' Interfacial shear stress (Unbonded)
1. INTRODUCTION
1.1 TRANSVERSE CRACKING
Unidirectional fibre composites usually have poor mechanical 
properties in the direction normal to the reinforcement. This 
deficiency in transverse performance is often compensated for 
by including a variety of differently orientated fibres either 
as laminae or as woven fabric. The development of damage in a 
laminate of this type is very complex as a result of the 
diversity of the interactions which occur. One common
hypothesis is that inherent flaws, such as matrix voids or 
fibre/matrix debonds, act as local stress raisers when external 
or thermal stress is applied. At a certain critical location 
dominant flaws begin to coalesce to form an internal crack. A 
layered structure within the composite can prevent the crack 
from undergoing monotonie propagation by arresting it at an 
interface. This permits an increase in the applied load without 
inducing catastrophic failure thus allowing another location, 
which becomes critical at a higher stress, to develop a crack. 
This is known as multiple transverse cracking. Numerous 
studies have been devoted to investigating the reasons behind 
this type of behaviour.
Cox's [13 Fourier-transform analysis of the fibre/matrix stress 
transfer in wood pulp, has become the foundation of many 
subsequent studies. He extended his ideas to include short 
fibre reinforced resins and concluded that the transfer of load 
from fibre to fibre caused a reduction in the effective fibre
modulus which was proportional to the length/diameter ratio of 
the fibre, conditional to this being less than 100.
Aveston, Cooper and Kelly C2] developed a theoretical approach 
to fibre/matrix stress transfer, based on earlier work by Kelly 
and Tyson [ 3] . They considered the case of an unbonded 
continuous fibre in a unidirectional fibre reinforced 
composite. They proposed a fundamental equation governing the 
load interaction between discrete fibres of radius r in a 
continuous matrix as;
^  = 2VfT .............................  (1.1)
dy r
where dF = Load transferred to matrix in distance dy 
= Volume fraction of fibres 
T = Shear stress acting at the interface
For the unbonded case they took the unbonded shear stress,t* to 
be a constant equal to t . On continued extension of the coupon 
they showed that the matrix will be transversed by a set of 
parallel cracks spaced between x* and 2x* apart, where x' is 
obtained by integrating equation 1. 1 and setting F=o'^^V^ to 
give;
V O' r
=' = v;   ^z)
where or = Failure stress of the matrix mu
V = (1-V_) m f
3The minimum additional strain in the fibres will be zero if the 
crack spacing is 2x' and ae^^/2 if the spacing is x'.
where a = (E V )/(E_V_) m m  f f
€ = Matrix failure strainmu
Greater extension of the composite, after cracking is complete, 
will result in the fibres being stretched further and slipping 
through the blocks of matrix which can no longer accomodate the 
increase in load.
Aveston and Kelly C4] expanded these concepts to include the 
case of bonded fibres and were able to predict the density of 
cracks in the matrix as a function of the following parameters;
a) fibre diameter;
b) fibre strength;
c) fibre volume fraction;
d) coupon dimension.
They were then able to propose the conditions which should lead 
to the suppression of matrix cracks below the normal failure 
strain of the composite.
For the bonded case, r in equation 1.1 is assumed to be 
dependent upon y and after the first crack has occurred in the 
matrix an additional stress
Av = *a - ^mu^f ..................................(1.3)
where = Applied stress
= Young's modulus of fibres
is placed upon the fibres. This additional stress has its 
maximum value in the plane of the matrix crack and decays
with distance y from the crack surface.
The shear stress at the interface is dependent upon the value
of Ay ; o
T = ^  Ar exp(-f^y) ........................... (1.4)
where %
G = Shear modulus of matrix m
E^ = Youngs modulus of composite
R = Matrix displacement variable (s^Vè fibre separation)
and on the elastic constants and decays rapidly with distance y 
from the crack surface.
Thus F = V^Ay^E 1-exp (-^^L) ]   (1.5)
Clearly unless Ay^ is increased further the matrix will not 
break again and a single crack will result. A small increase 
in Ay^ would, however cause continued cracking between L and 
2L.
5The main limitation of their analysis was the neglect of any 
tensile stresses present in the matrix in the radial and 
tangential direction with respect to the fibre surface. As a 
result of this their predicted maximum shear stress at the 
fibre/matrix interface can be considered as only an 
approximation.
Lakhanpal and Hackett C53 formulated a finite element analysis 
to take into account the effect of coupling stresses on the 
elastic behaviour of anisotropic composite systems. The 
analysis considers that within an elastic body the surface of 
each element of material is subjected not only to normal and 
tangential stress components but also to a moment component 
designated as coupling stress. This introduced another elastic 
constant of the material. The authors concluded that the 
existence of coupling stresses in a composite, where the fibre 
and matrix have dissimilar shear moduli, reduces the transverse 
stiffness of the system relative to that predicted by a 
classical rule of mixtures approach.
Garrett and Bailey [63 tested specimens of [0,90,03 
polyester/glass cross ply in tension and observed extensive 
cracking of the transverse ply at a strain much lower than the 
resin failure strain. The cracks formed parallel to the 
transverse reinforcement and showed remarkably even crack 
spacings. The average crack spacing was found to decrease with 
increasing applied stress and the ultimate crack spacing was 
seen to diminish on reducing the transverse ply thickness. 
They developed a simple multiple cracking theory based on shear
6lag analysis in which it is assumed that the plies remain 
elastically bonded. It was basically an adaptation of the
theory of Aveston et al, C23 to accomodate multiply laminate 
stress interactions.
They assumed that the transverse ply had a unique breaking 
strain, and strength If a stress is applied in a
direction parallel to the longitudinal plies, the transverse 
ply will fail at a stress y^^. The load carried by the 
transverse ply is then thrown onto the longitudinal plys and 
multiple cracking will occur in the transverse ply as the load 
increases, on the condition that the longitudinal plys can 
withstand the additional load placed onto them.
They assumed an even load distribution in the longitudinal 
plies and obtained an expression for the stress transferred 
onto them;
y <b+d) -  (1.6)Ay = a ---  1 tuo -
where y^ = The applied stress
b = Longitudinal ply thickness
d = Transverse ply semi-thickness
E^ = Young's modulus of longitudinal ply
They obtained an approximate solution to the problem using a 
modified shear lag analysis;
7Ay = Ay^ exp(-f^y) .........................  (1.7)
(b+d)where  ^ = =r-^  ?
W  hdT
= Youngs modulus of composite in y direction 
= Shear modulus of transverse ply in y direction
similarly
T = bAyf^ exp(-f^y) .............................. (1.8)
and
= 2bcAy^ [l-exp(-f^L)]  (1.9)
where t = shear stress at ply interface
F. = load transferred back into transverse ply at 
distance L
c = laminate width
For another crack to occur y (hence Ay ) must be increased toa o
such a value that L in the above equation lies within the 
length from the first crack to the end of the specimen, in 
order for F^ to equal 2y^^dc (the transverse ply failure load). 
They assumed that the initial crack occurred in the centre of a 
sample of length s, and that the second and third cracks occur 
simultaneously at both ends of the sample when the applied 
stress is such that;
Ay^ = y^^ £  [ l-exp(-f^ s/2)3  ^  (1. 10)
8If the crack spacing is t, the total shear stress between the 
two cracks will be;
T = bAr^f^ [exp(-f^y)-expf^(y-t)] .............  (1.11)
hence,
Ay^ = y^^ d [l+exp(-f^t)-2exp(-f^ t/2)]  ^   (1.12)
will be the extra stress needed to produce more cracks between 
the existing ones. This sequence would continue until the 
strength of the longitudinal plies is exceeded or delamination 
occurs.
Their theory, however, underestimated the number of cracks at 
any given stress level. This discrepancy was later resolved by 
Parvizi and Bailey C 73 who realised that equation 1.6 was 
invalid for cracks subsequent to the first transverse crack. 
They re-wrote the expression as;
^^0^ 1 ......................... (1.1 Î3)
and found very close agreement between experimental and 
theoretical crack spacings not only for glass/polyester systems 
but also for glass/epoxy composites.
Constrained transverse ply cracking had first been observed by 
Majumdar [83, Cooper and Sillwood [93 and the phenomenon
9predicted theoretically by Aveston and Kelly C 43 . Parvizi et 
al. [103 advanced these studies by investigating the effect 
that the thickness, of the interior ply of a [0,90,03 laminate, 
had on the supression of transverse cracking. They selected 
coupons of epoxy/glass laminates with a constant exterior ply 
thickness of 0.5mm and varied the interior ply between 0.1mm 
and 4mm thickness.
Constrained cracking was observed with inner ply thickness of 
less than 0.4mm and complete crack suppression was achieved at 
an inner ply thickness of 0. 1mm. In the thickness range from 
0.4mm to 0.1mm small cracks were observed to emanate from the 
cut edges of the coupon and propagate slowly with increasing 
load levels.
Other workers [11,123, have confirmed that the transverse first 
cracking strain is dependent upon the transverse ply thickness. 
The reported slow growth of cracks from cut edges of laminates 
would suggest that a stress concentration is present in these 
regions.
Curtis [ 123 has shown that longitudinal edge cracking can be 
eliminated by positioning ±45“ layers near the laminate mid­
plane and avoiding surface or central 90“ layers. The use of 
thin layers well dispersed throughout the laminate thickness 
was also found to effectively reduce the amount of cracking.
Using , a thermodynamic approach Parvizi et al. [103 extended 
Aveston et als. [2,43 equations to enable the prediction of a
minimum value for the matrix cracking strain, e
10
min 
tu as a
function of the inner ply semi—thickness, d. They suggested 
that for a specimen to crack under conditions of constant load;
AV > AUg+ JJ^+ d  <1.14)
(b+d)
where AW = Work done by applied stress per unit area 
AUg = Increase in stored energy per unit area
UD Energy lost due to dissipative processes
- Work of fracture for transverse ply 
= ratio of ply thicknesses.
(b+d)
If full elasticity between plies is assumed then = 0. They
give no consideration to the origin of the crack nor to the way 
it propagates through the matrix. The above equation is simply 
an inequality which must be satisfied for a crack to become 
thermodynamically possible. On expanding this inequality they 
arrived at;
=  (1.15)
(b+d)E.E t c
where E^, E^, E^ are the Young's moduli of the transverse 
ply, longitudinal ply and composite respectively.
A value of 120Jm ^ was derived for from fracture toughness 
tests and Figure 1.1 produced to compare their experimental and 
theoretical results.They obtained remarkably close agreement 
for interior ply thicknesses of less than 0.5mm, however, for
11
those greater than O.Smin the theory became increasingly less 
adequate for predicting the experimental results.
Bailey et al. [13] attempted to explain these irregularities in 
terms of residual thermal stresses and ply interaction effects 
within the laminates and produced a modified form of the shear 
lag equation to predict where;
= -Gti +[2VtbEi,*VEtE (b+d)]%   (1.16)
being the thermal strain in the transverse ply 
in the longitudinal direction.
A further extension of this analysis enabled them to predict 
the minimum composite strain at which longitudinal splitting 
becomes thermodynamically possible.
Thus
^ 1 / 3^th+ f  ,
Ils v^  E^d V 4 It 16 It (b+d)E E. / t tlu 1 1 '  c t'
(1.17)
where v^ = Poisson ratio for the longitudinal ply
v^ = Poisson ratio for the transverse ply
= thermal strain in the longitudinal ply 
in the transverse direction.
They applied the theory to carbon fibre reinforced epoxy 
laminates and found a poorer, though still significant, 
correlation with the experimental results. The authors noted 
that the ply interaction strains generated at a given composite 
strain were greater in carbon fibre reinforced materials than
12
in identical glass fibre reinforced materials. However, due to 
lower overall failure strains in the carbon laminates, these 
ply interaction strains were insufficient to cause splitting 
before ultimate failure. [143.
Aveston and Kelly [153 pointed out that longitudinal splitting 
of the 0“ ply in a [ 0,90,03 laminate may occur owing to the 
constraint imposed by the 90“ plies, whether these have cracked 
or not.
One problem with the application of shear lag analysis was seen 
to be [ 163 that it defined a range of stress values for each 
crack spacing rather than presenting a unique solution. This 
is clearly demonstrated in the results of Bader et al. [143 and 
Parvizi et al. [73 who present data for crack spacings between 
t and 2t. These are the two bounds produced on integrating the 
basic shear lag equation (eqn. 1.4).
Beeby [173, in a study on cracking of reinforced concrete, has 
noted that, although a mean of 1.5t has commonly been assumed, 
there are theoretical reasons for believing that 1.33t is a 
more correct value. Kimber and Keer [183 recently developed a 
mathematical solution to this problem using Laplace Transforms 
and were able to conclude that the average crack spacing is 
1.337t on the condition that the length of the composite is 
large in comparison with t.
The strain at which transverse cracks occur is less than the 
matrix failure strain. Some progress towards explaining this
13
anomaly was made by Kies [ 19] who put forward a strain 
magnification effect (SMF). He proposed that for a square
array of fibres, strained in a direction normal to the failure
axis, the strain magnification in the matrix can be given by;
2 + A/r
^ A/r +2<E /E )  <1.18)
m f
where A = inter fibre separation
r = fibre radius
E ,E - = moduli of matrix and fibre,m f
The relationship reduces to;
SMF = E./E f m
as A approaches zero, i.e. as fibres touch.
Since the local fibre volume fraction is very variable, the 
overall volume fraction becomes relatively unimportant, and 
there are invariably regions where the fibres almost touch. 
This would give a value for the SMF of between 8 and 10 for the 
glass/epoxy system and of about 6 for the carbon/epoxy 
laminates. Experimental observations of Bader et al. [143 
indicate that the first transverse cracks form between fibres 
which are touching or nearly touching along a direction 
parallel to the principal tension axis. Cracking also appeared 
to occur more readily between groups of fibres concentrated in 
a region of lower than average glass volume fraction. This
14
could indicate a greater degree of notch sensitivity in the 
lower stiffness matrix material around these critical zones.
Manders et al. C 20] identified the importance of the stress 
magnification arising from the random packing of the fibres 
using a statistical technique. They found that the crack 
spacing for a CO,90,0] glass fibre/epoxy laminate could not be 
accounted for by using a unique value for the strength of the 
transverse ply and satisfactorily applied a statistical model 
incorporating a Weibull distribution of strength. The
variability in the transverse ply strength led to a dimensional 
effect whereby the first crack formed at a strain which 
increased proportionally to a decrease in the specimen length.
Fukunaga et al. [21] formulated a similar type of statistical 
model and incorporated the effect of residual thermal and ply 
interaction stresses. The stress redistribution at the
location of 90“ ply failures was analysed using a model based 
on shear lag and expressions for first cracking, subsequent 
cracking and ultimate failure were derived. They concluded 
that, although, the transverse first cracking strain is very 
sensitive to the transverse ply thickness, the ultimate failure 
strain of the laminate is not so reliant on this parameter.
Wang et al. [22] have developed an extensive stochastic 
simulation model for the growth of multiple matrix cracks in 
composite laminates subjected to both static and fatigue 
loading. They propose that the materials critical energy 
release rate is an important material constant which
15
controls inter—ply stress transferrance and. suggest that it may
be sensitive to fabrication, handling and environmental
effects. Lee C 23] proposed an analysis based on fracture
mechanics and suggested that was controlled more by the
2
(yield stress) /Young's modulus ratio than by the fracture 
toughness of the resin.
Parvizi and Bailey 171 reported a drop in the composite modulus 
at strains well below the transverse first cracking strain of 
glass reinforced epoxy laminates. This phenomenon was
associated with a visual whitening of the material. Further 
studies [13,24] revealed that these observations coincide with 
fibre/matrix debonding. Bailey and Parvizi [24] examined the 
polished edge of [0,90,0] glass fibre reinforced epoxy coupons 
under a scanning electron microscope. A straining stage was 
used to load the samples in situ and the formation of 
transverse cracks was found to be preceded by microscopic 
de bonding at or near the fibre/matrix interface. As the 
tensile strain was increased the debonds coalesced until a 
micro—crack of sufficient size to propagate was developed. 
They found that on annealing at 100 “C the debonds could be 
rejoined to produce an 'as new' composite. Stress whitening 
was not observed in glass/polyester systems and this was 
attributed to the higher residual thermal stresses existing in 
the composite which caused debonding before the laminate could 
be subjected to external stress.
Harris [25] explained the formation of debonds as being a 
result of local contractions arising from the matrix and fibres
16
attempting to deform differentially. This would then build up 
large localised tensile stresses in the resin. He proposed 
that once this contractile stress had increased to a level that 
was sufficient to overcome any fibre/matrix mechanical or 
chemical bond, then debonding would occur. These inherent 
stresses were identified by Vest and Outwater E263 to be caused 
by a differential thermal shrinkage of the resin compared to 
the glass rather than by a resin polymerisation effect. They 
simulated the glass/matrix stress interaction by thermally 
treating a large scale model of a laminate section that had 
been produced by casting a resin between three touching glass 
rods. Using a photoelastic technique they established that the 
tensile stress was formed in the resin solely due to the 
existence of the glass/resin bond which, once destroyed, would 
enable a complete relaxation of the matrix material.
Munro and Beaumont [271 identified a threshold strain necessary 
to initiate debonding and observed a linear relationship 
between the deflexion and the fibre debond length for fibre 
reinforced plastic beams undergoing three point bending.
Later publication by Veils and Beaumont [28,293 present a model 
to predict the fibre debond length and the probability 
distribution of pull-out for both single fibres and fibre 
bundles. Their work showed that any material parameter which 
affects the flaw or stress distribution within the composite 
will alter the fibre debond length. The pull-out length was 
found to be dependent upon the debond length and approximately 
equal to one seventh of this value. The importance of these
17
energy absorbing processes is discussed in terms of their 
influence on the laminate fracture toughness in the latter 
paper C293. They suggest that an increase in fibre strength, 
fibre diameter, tow size and fibre volume fraction all lead to 
an increase in the fracture toughness whilst higher fibre or 
matrix stiffness, fibre/matrix adhesion or thermal expansion 
mismatch will decrease it.
Charentenay et al. C303 used acoustic emission to determine a 
level of strain for damage initiation in partially delaminated 
glass fibre/polyester coupons. They were able to define three 
parameters, an initiation fracture energy, a characteristic 
mdcrocracking length and a critical microcracking length at 
which macroscopic damage would occur. They used these to 
develop fatigue life curves [313 but found a large amount of 
inter coupon scatter. From this they concluded that fatigue 
life was very sensitive to variations in fabrication.
Debonding has also been reported by Ashbee and Wyatt [323 in 
thin films of fibre reinforced polyester that had been immersed 
in water. They observed that the interfacial bond between the 
resin and the fibres was rapidly destroyed by diffused water at 
the three temperatures investigated <20,60 and 100*0. De­
bonding was initiated after twenty minutes immersion and 
completed in under two hours. This is in good agreement with 
Vest and Outwater [263 who reported rapid dye penetration along 
the fibre/matrix interface after immersing a fibre reinforced 
laminate in boiling water.
18
Although, we are not much closer to the perception of initiation 
mechanisms the processes involved in the propagation of 
transverse cracks is now more clearly understood, both on a 
theoretical and an experimental level. The literature has 
identified several stages in the development of transverse 
cracking. Stress whitening has been associated with the onset 
of debonding and the coalescence of these debonds causes the 
formation of tiny microcracks. Once a critical crack size has 
been reached then a transverse crack will develop. The 
energetics of the process is closely linked to the dimensions 
of the laminate and the elastic properties of its components. 
Debonding can be introduced into polyester/glass laminates by 
residual thermal strains alone, whilst, transverse cracking can 
be completely suppressed in epoxy/glass systems by making the 
plies very thin. The ultimate crack spacing can be controlled 
by varying the ply dimensions and the stress transfer between 
cross plies has been accurately modeled. The shear lag type of 
analysis is used to predict the occurrence of a transverse 
crack over a range of positions, but requires the help of 
Weibull statistics to find their most probable location.
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1.2 E#VIRO#ME#TAL STRESS CORROSION OF COMPOSITES
Thermal and externally applied strains have been seen C7,13,24, 
27,303 to have a detrimental effect on the glass/resin bond. 
Other workers C 26,323 have reported a similar type of bond 
destruction which has been incurred by the immersion of a 
coupon in boiling water. Ashbee and Wyatt [323 have also 
observed an 8% linear shrinkage of a resin sample after it had 
been submerged for 2000 hours. They attributed this to the 
leaching out of low molecular weight material from the resin. 
This type of chemical attack, accompanied by a stress, either 
internally or externally applied, can induce catastrophic 
failure after far shorter exposure times. The accelerated 
failure of the material under the synergism between stress and 
the environment is termed environmental stress corrosion.
Barker et al. [333 reported that service tensile strains on 
buried reinforced plastic pipes were of the order of 0.25%. 
This is well below the short term failure strain of 2.5% for 
the material. However, failure times of only a few hours were 
observed by several other workers [34,35,363 after the 
introduction of a corrosive environment.
The simplest environmental corrosion tests are performed by the 
immersion of a specimen into a corrosive environment. This 
type of test can range from fracture initiation of polyethylene 
in detergent [373 to complete disintegration of polyester resin 
in alkalis [38,393. Several criticisms of immersion testing, 
however, have been raised by a number of authors. Roberts
20
[34], Sillwood [40] and Rawe [413 pointed out that immersion 
tests do not realistically model the environmental conditions 
since no allowance is made for the effect of externally applied 
stresses. Dewimille et al. [42,433 suggested that hot water 
immersion tests do not simply accelerate low temperature 
degradation but can introduce different mechanisms. Aveston 
[443 and Metcalfe [453 reported that E-glass fibres retain a 
good proportion of their strength until ultimate failure and 
therefore extrapolation of short term test results would 
predict longer failure times than found in practice.
Os witch [463 tied together the applied strain and the 
environment to obtain accelerated ageing which he analysed in a 
similar manner to elevated temperature testing. From his 
results he predicted the chemical resistance of laminates and 
observed that chemical attack was more rapid in stressed 
laminates. This was an observation supported by Rawe [413 who 
defined three types of environment.
1) Non aqueous liquids which do not chemically attack the 
laminate;
2) Liquids which can be seen to chemically attack the 
laminate ;
3) Aqueous liquids which do not chemically attack the 
laminate.
Liquids from category 2 produced failure times that could not 
be explained using immersion test data.
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Roberts [343 postulated that the environment enters via micro- 
cracks in the resin and that if cracking could be avoided then 
stress corrosion failure would require longer immersion times. 
He suggested [473 that a more flexible resin would suppress 
environmental micro-cracks and could be expected to enhance the 
stress corrosion resistance. Hogg and Hull [48, 493 showed
that unidirectional composites made from lower modulus resins 
proved less susceptible to stress corrosion than ones composed 
of a chemically resistant resin. They attributed this to the 
mechanisms of crack propagation. In the case of a brittle
matrix the crack penetrates the resin between the fibres and 
can allow the acid access to the vulnerable glass fibres at the 
crack tip. However, with a more flexible matrix material, 
plastic flow at the crack tip prevents such fibre exposure and 
results in diffusion to the glass becoming the rate controlling 
mechanism. With increasingly flexible matrices having lower 
cross-link densities diffusion becomes more rapid and therfore 
there is an optimum resin flexibility for matrix stress
corrosion resistance.
Hull et al. [36,48-523 defined four stages of stress corrosion 
for glass reinforced polyester pipes.
1) Initial visco-elastic response of the material to the
applied load, which is independent of the environment.
2) Linear relaxation of the load associated with slow
deformation and micro-cracking. Stress corrosion cracks 
are nucleated and grow. Their number and distribution 
are dependent upon the applied load and the corrosive
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environment.
3) Sharp drop in the load associated with the growth of 
large stress corrosion cracks and delaminations.
4> Post stress corrosion failure region with a low 
relaxation rate.
The initiation of cracks (stage 2) was shown by Barker et al. 
[33] to be caused by a process involving the fracture of 
individal fibres normal to their axes. These fissures were 
found by Hogg and Hull [36] to be closely associated with 
transverse cracks which was interpreted as evidence for the 
transport of the aqueous environment into the laminate through 
these transverse cracks. Jones et al. [53] observed that 
laminates with the least thermal strain and therefore the 
highest transverse first cracking strain showed the best stress 
corrosion performance. This is in agreement with Hogg [49] who 
reported that post-curing of polyester laminates had a 
detrimental effect on their stress corrosion performance. He 
proposed that this was due to reduced resin toughness and 
increased resin permeability. Loader [54] observed an increase 
in the tensile modulus of 50% accompanied by a 50% decrease in 
the strain to failure of a polyester resin (Atlac 382) after a 
3 hour post-cure at 100*C. Hogg agreed that a change in the 
mechanical properties of this magnitude would almost certainly 
reduce the toughness of the resin, thus providing less 
resistance to crack growth. The chemical changes that occur 
within a resin during post-curing are subject to debate. 
Marshall et al. [55] have suggested that styrene plasticises 
the resin and proposed that the change in resin properties
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during post-curing arises due to a reduction in the level of 
residual styrene rather than from an increase in cross linking. 
Loader [54] reported levels of styrene falling from 9.8% to 
0. 15% after the post-cure of a polyester resin. The rate of 
permeation in vinyl—ester resins by dilute hydrochloric acid 
has been seen to increase with post-curing and led to the 
conclusion that residual styrene can inhibit the uptake of 
acids at low concentrations.
A preliminary study of the chemical aspects of stress corrosion 
of polyester/glass laminates was performed by Bailey et al. 
[ 56] . They attempted to correlate the damage in the laminate 
with the glass degradation products in the corrodent. They 
observed that the exposed glass at the cut edges of the 
transverse ply was attacked very rapidly and low calcium ion 
concentration in the corrodent led them to believe that an 
insoluble polyester 'soap* had been formed within the matrix 
resin.
Kelly and McCartney [57,58] used bundle theory to predict the 
stress corrosion failure of non—impregnated E—glass strands. 
They assumed that the flaw distribution in the fibre strands 
could be described by a two parameter Weibull function;
N = N^exp <-  (1.19)
where = Number of fibres in the bundle 
N = The number of fibres surviving 
y = The stress in each fibre 
y^ = Material parameter constant
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m = Material shape constant
and that their growth rate is dependent upon the stress 
intensity,
da = (xk ^  <1. 20)
dt ^
where a = Flaw length at time t 
a, n = Material constants 
k^ = Stress intensity
This enabled them to calculate failure times for unimpregnated 
bundles and these agreed closely with Aveston's C 443 results 
for stressed bundles immersed in water.
The noteable drawbacks with their approach, however, were that 
they made no allowance for the matrix materials and so the 
theory would need considerable modification to model laminate 
behaviour and secondly they assume that all the fibres in the 
bundle experience a similar environment. Thus their ideas are 
based upon the supposition that a general attack occurs on all 
the glass fibres in the laminate, which is in contradiction 
with Hogg and Hull C36] who believe that the attack is limited 
to the vicinity of a crack.
A similar type of statistical technique has been adopted by 
Lhymn and Schultz C59] to predict ultimate life times for short 
fibre reinforced PET composites. They reported that only a 
minimum amount of experimental data was necessary in order to
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determine the two material constants required for the solution 
of the Weibull functions. Their model identified a 'critical 
barrier' at which point the life time of a sample altered from 
following an 'air rupture' associated curve to an 'acid 
rupture' type of fit. This changeover occured as a result of 
fibres becoming weakened by a compositional depletion over a 
certain time interval, caused by the leaching process by the 
acid at fibre/matrix interfacial crack tips.
Jones, Wheatley and Rock C603 observed that the mode of failure 
in glass fibre reinforced epoxy laminates was dependent upon 
three factors; the type of environmental cell used; the nature 
of the environment and the initial applied strain. Three modes 
of failure were recorded for samples semi-immersed in dilute 
sulphuric acid (see Fig. 1.2).
Type I was a fracture in the immersed section of the sample at 
an applied strain sufficiently high to induce transverse crack 
formation from which a stress corrosion crack could be 
nucleated. At lower levels of applied strain a Type II failure 
was observed outside the environment in a semi-submerged 
specimen. Type III damage was recorded in unstressed semi­
immersed coupons in the unimmersed section only. The immersed 
portion suffered no visible deterioration.
Type II failures [613 in dilute sulphuric acid were not 
preceded by transverse cracks and fracture occured by the 
simultaneous growth of a crack penetrating both the 0* and the 
90* ply. These failures were accompanied by an aluminium rich
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crystalline deposit at the cut edges of the coupons and calcium 
rich deposits within the fracture surface. They found that 
dilute hydrochloric acid suppressed both Type II and Type III 
failures and concluded that, since calcium sulphate is much 
less soluble than calcium chloride, the corrosion products were 
nucleating the failure process. Later work [62,633 with 
different acids gave evidence to support this view. Dilute 
nitric acid was seen to suppress Type II and Type III damage 
whilst dilute phosphoric acid produced mixed Type II and III 
damage when no external stress was applied. They were able to 
conclude that acids with soluble calcium and/or aluminium salts 
did not cause Type III damage since the glass degradation 
products were able to remain in solution. Type II and III 
damage is caused by additional local stresses arising from the 
crystallisation of the more insoluble calcium salts. The mixed 
damage mechanism exhibited by coupons immersed in dilute 
phosphoric acid solution was attributed to the greater 
insolubility of calcium phosphate limiting the transport out of 
the environment.
To induce Type II and III damage, the glass corrosion products 
are transported to the unimmersed section of the coupon by 
capillary action along longitudinal debonds. These are opened 
up by the combined effect of thermal strain and acidic stress 
corrosion. The driving force for the transport mechanism is 
provided by the evaporation of moisture from the laminate 
surface and/or the diffusion process from the immersed into the 
unimmersed resin which results in the maintenance of a 
concentration gradient. Work using enclosed environmental
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cells [61] showed that removal of the driving force from the 
above suppressed Type II and III failures.
Jones et al. [60] and Wheatley [64] found that polyester/glass 
composites required much longer immersion times and higher 
strains in order to induce Type I failures. Type II failures 
were observed after one year [653 at initial strain levels of 
0.6%. Transverse cracking did not appear to nucleate cata­
strophic failure. This was in contrast to earlier work [663, 
which suggested that, under three point bending, stress 
corrosion cracks could be nucleated by transverse cracks. It 
was proposed that during three point bending there was a strain 
magnification at the transverse crack tip which aided the 
nucléation process. The polyester/glass laminates were found, 
in general, to have a superior stress corrosion resistance than 
the epoxy systems tested. This was partly attributed to a 
higher thermal expansion mismatch in the polyester composites. 
Stress corrosion inhibition being effected by greater in built 
compressive thermal strain acting on the fibres.
One criticism that has been leveled at the work of Rock, 
Wheatley and Jones is that the type of environmental cells used 
allow the attacking solution easy access to the interior of the 
laminate via the cut edges of the coupons. Whilst this effect 
is likely to be at a minimum during high strain testing and 
throughout the course of crack propagation. Type II and III 
damage nucléation is expected to be of paramount importance for 
environmental fatigue testing where permeation through existing 
flaws is the most important mechanisms for chemical penetration
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C673, From longer term work, with glass/polyester laminates. 
Rock et al. [65] reported that crack nucléation was the rate 
determining step. The controlling factor in this was suggested 
to be the deterioration of the glass/resin interface, rather 
than the diffusion rate of the corrodent through the resin. 
Allowing the acid a more direct route to this interface would 
tend to accelerate this stage.
Low strain environmental corrosion does not always lead to 
ultimate fracture of the sample. As a result of this several 
attempts have been made to define stress corrosion limits in 
terms of a limiting strain value below which coupon failure is 
suppressed. Collins [353 reported a value of 0.3% strain for 
glass/polyester pipes. Wheatley et al. [643 suggested a stress 
corrosion limit for polyester/glass coupons in bend and in 
uniaxial tension, but proposed that a change of mechanism could 
take effect after longer exposure times. If this change 
occurred then there would be the possibility of a different 
stress corrosion strain limit operating. Crack velocity 
measurements have been used by Aveston and Sillwood [683 in an 
attempt to identify the stress corrosion limits for epoxy/glass 
laminates. Recent work, however, by Nedjat-Hayem et al. [693 
has highlighted the problems associated with attempting to make 
quantitative predictions about stress intensity values for 
polyester resin from a crack velocity approach. Their results, 
obtained from notched double torsion tests, exhibited large and 
inconsistent scatter which made the construction of proof 
stress diagrams for different environmental conditions rather 
difficult. It has been suggested [703 that for linear elastic
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fracture mechanics to apply to an anisotropic material, the 
crack must propagate in a self-similar manner, crack 
propagation should occur along a principal axis of elastic 
symmetry and the crack tip stress distribution must be similar 
to that existing for the isotropic case. Hsu and Chou [71] 
reported that both fibre debonding and pull out can blunt the 
crack tip and induce crack arrest effects. These invalidate a 
linear elastic type of approach. They found, however, that 
cracks formed in short fibre reinforced epoxy compact test 
coupons remained sharp when immersed in dilute sulphuric acid. 
Crack propagation conformed to linear elastic behaviour which 
they modelled to obtain a relationship between the crack 
velocity and the stress intensity factor.
The applicability of linear elastic fracture mechanics for the 
analysis of environmental stress corrosion has also been 
examined by Roberts [72]. He reported that fracture toughness 
values for polyester/glass (chopped strand mat) single edge 
notched coupons were greatly reduced by the presence of dilute 
sulphuric acid. Very slow strain fracture toughness testing 
gave remarkably similar results to the environmental work which 
indicated the potential of this simple test for obtaining 
useful environmental stress-induced crack growth data.
Jones and Rock [ 73] used time-lapse micro—photography to study 
sub-critical crack growth in unidirectional glass fibre 
reinforced epoxy coupons, under tensile stress corrosion 
conditions. They found that crack growth could be analysed by 
linear elastic fracture mechanics, if they were modelled as
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elliptically shaped surface flaws. Initial results were in 
reasonable agreement with existing data C61,743 obtained using 
double torsion beam techniques. The large amount of scatter in 
the results was attributed to local variations in the volume 
fraction and the coalescence of cracks. The latter problem was 
somewhat reduced by decreasing the applied stress and thus 
lowering the crack nucléation rate. Later studies [75,763 made 
use of a programmable travelling micro-photometer which enabled 
more than one site to be examined on each sample. This greatly 
increased the amount of data being collected and allowed the 
kinetics of crack nucléation to be investigated.
Environmental stress corrosion cracking of glass reinforced 
plastics has been known for a considerable length of time. It 
is, however, only within the last few years that a real 
understanding of this phenomena has been gained. The fracture 
surface morphology of a stress corroded glass reinforced 
laminate is typified by its planar nature which results from 
progressive fibre fractures. This is in contrast with the 
fibre pull-out and delamination mechanisms which determine the 
kinetics of failure in air. Corrosion resistant glass and 
lower resin flexibility have been seen to be a more effective 
method of reducing stress corrosion damage than the inclusion 
of a chemically resistant matrix material. Crack nucléation is 
considered to be the rate determining step and once this has 
occurred steady crack growth ensures a rapid failure. The 
extent of pre-failure damage is believed to be controlled by 
the solubility of the glass degradation products. The greater
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their solubility the more easily they are flushed out of the 
laminate away from sites where they could crystallise out and 
stress the matrix. Fracture toughness testing has indicated 
the applicability of linear elastic fracture mechanics in order 
to determine a strain limit below which ultimate failure does 
not occur. This type of approach is considered rather
meaningless since long term mechanism changes have been 
identified and, although a strain limit may be specified for 
the suppression of fracture, low strain cracking (Type III) 
would be almost as undesirable from a manufacturing point of 
view. Bearing this in mind studies are now being conducted to 
examine the rate of nucléation of stress corrosion cracks which 
should provide more useful design guidelines.
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1.3 THE CORROSION OF GLASS FIBRES
Early studies on the environmental stress corrosion of glass 
reinforced laminates by Metcalfe et al. 145,773 revealed that 
the susceptibility of the glass reinforcement to attack was an 
important rate controlling factor.
Much of the present understanding of the stress corrosion 
phenomenon in silicate glasses stems from the work of Charles 
[78,793. He was able to show that the temperature dependence 
of the corrosion rate in water vapour had the same activation 
energy as that for sodium ion migration as measured by 
electrical conductivity experiments. This similarity was also 
noted by Taylor [803. Assuming that corrosion encouraged the 
growth of sub-critical cracks and was dependent upon the 
applied stress, Charles predicted that.
k î
t = k/l   <1.21)
V
where t = Time dependence of the applied stress
k = Constant including crack size and thermal growth 
rate
n = Measure of the static fatigue susceptibility.
Interpretation of the constants k and n could provide an 
insight into the mechanisms acting during environmental attack. 
Charles pointed out that any treatments which decreased the 
mobility of sodium ions in the structure should correlate with 
the delayed failure behaviour of the material. Thus not only
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should temperature and environment be important but also the 
applied stress. Experimental observations of the dependence of 
sub-critical crack growth on the crack tip stress intensity, 
produced curves for glasses which were very similar to those 
obtained for metals (Fig. 1.3). These curves generally display 
three regions: I, crack growth limited by the rate of
environmental reaction with the crack tip, II, by diffusion of 
the corrosive specie to the crack tip and III, rapid growth 
insensitive to the environment. In some instances regions I 
and II are inseperable but can, however, be modelled by a 
relationship of the form;
V  = k^ exp(PK)  .......    (1.22)
where v = Crack velocity
k^ = Stress intensity
and K,P = Constants relating to the influence of the 
environment
Lawn [81] demonstrated that, if the crack growth rate is 
assumed to be limited by a diffusion controlled migration of 
the environment to the crack tip then regions I and II would 
tend to merge,
Charles and Hillig [82] proposed a hypothesis, which was taken 
up experimentally by Wiederhorn and Boltz [833 assuming that 
failure takes place by the stress enhanced interaction of the 
environment with sub-critical flaws which behave in a brittle 
manner. They suggested that the interaction was controlled by 
the crack tip chemistry. Charles [793 found that annealed
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glass rods corroded less rapidly than freshly drawn ones and 
concluded that there was a reduction in the sodium ion diffu­
sion rate due to the annealed glass being denser. As a result 
of this observation he suggested that a large triaxial stress 
would result in a rarefaction of the glass, and so increase the 
sodium ion diffusion rate, in the region of a crack tip thus 
accelerating stress corrosion damage. He determined a critical 
flaw growth rate in the x and y directions above which the flaw 
is sharpened and propogates in an unstable manner and below 
which the crack tip is blunted resulting in an increase in the 
strength of the original material.
The proposed mechanism of fracture assumed that hydrolysis of 
sodium silicate occurred with the formation of hydroxyl groups 
thus increasing the pH at the crack tip.
Si-O-Na + HgO -> Si OH + Na"*" + OH"
Si-O-Si + OH -> SiOH + SiO"
SiO + HgO -> SiOH + OH
The process becomes autocatalytic and eventually stabilises at 
a limiting pH characterisd by the acidity constant for silicic 
acid.
Mould [84] showed that the effect of a high pH was to increase 
the strength of the glass by up to as much as 20%. This in 
turn would result in an increase in the crack velocity for a 
constant stress intensity value.
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The stability of the glass network in water is known to be 
strongly dependent upon pH. The equilibrium can be represented 
by C 85];
ki k z  k s
SiOg + H g O ^ ^ H g S i O g  ■ -H + HSiOg + SiOg
in the case of pure silica. For more complex glasses, however, 
two or more equilibria need to be satisfied simultaneously;
k - t  .
NagSiOg + 2HgO:==^ HgSiOg + 2Na + 20H
and
CaSiOg + 2HgO =  HgSiO + Ca + 20H
All the equilibrium constants, except ki, can be seen to be pH
controlled (Fig. 1.4). The calculated pH value at which
+  2—concentrations of Na ions and SiOg balance, occurs at pH
12.8, which is close to that measured by Weiderhorn [86] for
soda/lime glass in contact with water. This degree of
correlation would imply that the dissolution of sodium controls
the pH at the crack tip.
James and Healy [87], however, observed rapid absorption of
2+hydrolysed Ca ions on the surface of silica at pH 10.3. Thus 
it was proposed that although the sodium ions in solution 
determine the pH at the crack tip, it is the precipitation of 
calcium at the surface of the crack which stabilises the 
chemical decomposition of the glass and limits the observed 
loss of sodium.
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A second crack propagation hypothesis, based on the limited 
plasticity criterion of Marsh [88,89], was developed 
experimentally by Holloway et al, [90,91], They assumed that 
the mechanisms of crack propagation in glasses were modified by 
a ductile region ahead of the crack tip, the plasticity of 
which is controlled by a stress enhanced diffusion by the 
environment. Mould and Southwick [92] collated a universal 
fatigue curve by investigating the effects of various 
mechanical surface treatments on the static fatigue life of 
soda/lime glass in water. Holloway et al. found that when they 
compared their theoretical results with this universal fatigue 
curve they obtained a higher level of correlation than other 
existing theories.
Metcalfe and Schmidt [45] claim that the increased strength of 
glass fibres in comparison to the bulk material, indicates a 
small flaw size of only a few atomic diameters and that the 
Griffith's type of flaw, as proposed by Charles, can not exist. 
They believe that flaws are generated by tensile stresses in 
the surface of the fibres caused by an ion exchange between 
sodium and hydrogen in the environment. Since hydrogen ions 
are smaller than the sodium ions they are replacing, a tensile 
strain is generated due to the fibre sheath shrinkage being 
constrained by the unaffected core.
This is in contrast to previous ion exchange theories where it 
has been assumed that hydrogen ions are associated with water 
molecules which then cause swelling of the glass surface.
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Metcalfe et al. [773 support their ideas with the observation 
of a core sheath structure and spiral cracking of unstressed 
fibres immersed in aqueous acids. Spiral cracking has also 
been observed in glass fibre strands immersed in dilute 
sulphuric acid [933 and Charles [783 has reported the formation 
of a core sheath structure in fibres immersed in superheated 
steam, these, however, were asserted to have swelled.
A variety of cracks have been observed by Bledzki et al. C673, 
including radial, axial and spiral configurations, in glass 
fibres exposed to diluted sulphuric and hydrochloric acids. 
Their formation, however, only occurred after a complete 
evaporation process. In the wet state the fibres were reported 
to be crack free. Some attempt was made to correlate the crack 
type with the penetration depth of the leached zone. Spiral 
cracks were found to develop when this zone had reached a depth 
of about one third of the fibre diameter. Typical crack 
velocities measured using a cinematographic technique were of 
the order 10 to 10 m/s. Axial cracks were seen to develop 
only in highly leached fibres with penetration depths greater 
than two thirds of the fibre diameter.
Bledzki et al. attribute the formation of fibre cracks to the 
removal of water molecules causing contractive forces to 
develop in both the axial and circumferential direction. The 
small pitch angle observed for spiral cracking led them to 
suggest that the initial axial stress developed is much greater 
than the hoop stress and they proposed that this could be 
associated with the dissolution of BgOg from the glass.
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The main point of dispute between Charles and Metcalfe is the 
assumption that Griffith type flaws already exist in the 
fibres. McKinnis C 943 proposed that stress corrosion was a 
consequence of a crystobalite phase dispersed in the glass. 
Using finite element analysis he calculated a tensile stress 
that could be induced by this phase and reported that Griffith 
type flaws would be generated by a reaction between water and 
the stressed bonds in the dispersed phase at the glass fibre 
surface. Charles and Metcalfe both agree that the sodium ion 
diffusion appears to be the rate controlling factor since their 
activation energies for stress corrosion are similar.
Earlier work by Douglas and Isard C 953 had established that 
sodium ions in soda/lime glasses were extracted at a rate 
proportional to t ^  which indicated a diffusion controlled 
leaching mechanism. For binary silicate glasses the leaching 
process became linear at longer times and was described in the 
form;
Q = ^t“  <1. 23)
where P and a are dependent upon the temperature and 
composition of the glass
The model proposed by Douglas for the structure of the glass
surface in contact with water was one in which silica dissolved
at the leached layer/solution interface and alkali ions
diffused across this layer from the glass into the water. The
existence of this sodium ion deficient layer has been confirmed
%
by Auger spectroscopy [963. The transition from t to linear 
behaviour was assumed to occur when silica dissolution was
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balanced by sodium ion diffusion through a leached layer of 
fixed thickness which itself moved into the glass. This 
mechanism embraces both the effect of pH and the influence of 
the stability of the leached layer/solution interface by 
controlling the competition between cations of the network 
modifiers for surface absorption sites through the solvation 
energies of the ions. Thus the stabilising influence of 
calcium oxide in soda lime glass, as reported by El Shamy et 
al. [97], can be explained by absorption of hydrated Ca^^ ions 
reducing the diffusion rate of sodium ions out of the glass.
More recent studies by Baucke [98], using an ion milling 
technique to erode the surface layers of a lithium glass, 
identified a transition layer between the leached layer and the 
bulk glass (Fig. 1.5). In this layer the diffusion of charged 
species is limited by protons which generate an electrostatic 
field. The inclusion of this electric potential in the 
diffusion equation by Mularie et al. [993, leads to a time 
dependence of the amount extracted which incorporates both t^ 
and t terms as found by Douglas [953;
Q = at^ + bt ..........   (1.24)
where a and b are constants.
An alternative view on the migrating species has been expressed 
by Griggs [ 1003 who proposed that the plasticising action of 
water takes place through the breaking of hydrogen bonds 
between neighbouring hydrolysed Si-O-Si bridges. A low energy
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process, similar to the movement of an edge dislocation, would 
allow the discontinuity to pass through the structure with 
ease.
Observations by Metcalfe et al. [771 of strength retention, in 
solutions of hydrochloric acid and sodium chloride, and 
recovery in sodium hydroxide solutions indicated that the ion 
exchange was only a partially reversible mechanism. Lhymn and 
Schultz's [59] studies revealed that aqueous hydrochloric and 
sulphuric acids removed both calcium and aluminium ions from E— 
glass fibres. This was also observed by Barker et al. [333 who 
suggested that this could account for the irreversibility of 
the ionic exchange proposed by Metcalfe.
Jones and Rock [1013 suggested that stress corrosion of glass 
fibres by sulphuric acid was not a simple ion exchange. 
Calculations by Kielland [1023 revealed that neither the 
concentration nor the activity of hydroxonium ions reached a 
maximum over a wide range of acid concentrations. This was 
interpreted by Jones and Rock to be indicative of a mechanism 
change with acid concentration. They deduced that bisulphate 
ions were present in the aqueous acid and that this could be 
involved, along with sulphate and hydroxonium ions, in the 
stress corrosion of E-glass. The observed formation of 
multiple and spiral cracks in unstressed glass strands immersed 
in aqueous sodium bisulphate confirms the corrosive nature of 
the bisulphate ion.
Collins [353 and Scrimshaw [1033 observed that stress corrosion
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was maximised in glass reinforced laminates when acid 
concentrations were between 0.5 and 3M. Similar levels were 
noted by Roberts C343 and Cockram C1043 for maximisation of the 
stress corrosion of E-glass filaments. It was suggested C 353 
that this was due to the maximum hydrogen ion concentration 
occurring within this range. More recently [1053 it has been 
reported that a complexing reaction is responsible, Jones and 
Chandler observed a well-defined minima in percentage strength 
retention versus acid concentration curves for glass fibres 
immersed in hydrochloric and hydrobromic acid solutions. They 
attributed this to the formation of neutral ferric chloride and 
ionic FeBr^ respectively which were detected in solution by 
ultra-violet spectroscopy. As the anion concentration increases 
they proposed that there would be a tendency for the anions to 
associate with the ferric ions on the glass surface which could 
then inhibit the leaching process.
Fox's studies using orthophosphoric acid C1063 led him to 
conclude that the hydrogen ion concentration of the acid 
solution was more important to the propagation of stress 
corrosion than the specific nature of the acid anion. Jones 
and Chandler C1073, on the other hand, believe the complexing 
ability of phosphate ions to be the controlling mechanism in 
neutral solutions.
Michalske and Frieman [1083 indicated that the size and charge 
distribution of the attacking molecule was critical. They 
discussed stress corrosion in terms of interactions between the 
environment and the chemical bonds under stress at the crack
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tip. Weyl [109] suggested that a reaction with the Si-0 bonds 
was responsible for sub-critical crack growth. The conditions 
proposed were that the attacking molecule must be capable of 
forming a transitional state with the Si-0 bond, 1.63Â in 
length, and must possess a proton donating group at one end and 
an electron donor at the other. Jones and Rock C1013 have 
suggested that the bisulphate ion is one such molecule. 
Ammonia is reported to possess these characteristics and attack 
at a rate similar to that of water C 1083 , but molecules of a 
different size or charge distribution exhibited much greater 
passivity.
Further evidence to suggest that acid strength alone is not the 
singularly most important considerstion for stress corrosion 
has been provided by Jones and Chandler [1103. Oxalic and 
mesoxalic acids have been used successfully to induce severe 
stress corrosion in E-glass fibres. The authors have indicated 
that this occurs by a process of the acid complexing with iron 
and aluminium cations present in the glass. The precipitation 
of calcium oxalate and calcium mesoxalate on the fibre surface 
led them to conclude that the formation of an insoluble product 
was of considerable significance to the corrosion mechanism. 
Jones and Chandler pointed out that this work could be of 
extreme relevance to glass fibre reinforced laminate stress 
corrosion since oxalic and mesoxalic acids are two of the most 
prominant degradation products of many resin systems.
There is general agreement, based on the observations of over
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eighty years study, that aqueous solutions can have a profound 
effect on the fracture behaviour of silicate glasses. The 
results of the fracture mechanics approach have clarified the 
contribution that different environments, glass composition and 
temperature make to the rate of environmental cracking. At 
present, however, controversy still exists about the mechanisms 
involved. It has been plausibly argued that fracture mechanics 
results can be equally well interpreted both on the basis of 
the growth in a brittle manner of pre-existing flaws and the 
plasticising effect of the environment at the crack tip. A 
consideration of the chemistry involved in the corrosion 
process has indicated that leaching of glass components 
controls the pH at the crack tip, which in turn determines the 
stability of the matrix. The concentration of hydrogen ions is 
believed to be a determining factor for this initial leaching 
process which releases glass cations to become available for 
further conversions, the nature of which are still rather 
uncertain. One theory, which is gaining in popularity,
suggests that the size and charge distribution of the attacking 
anion is of paramount importance, other authors have reported 
that it is their ability to form complexes that determines the 
removal of the glass cations. There is, however, a consensus 
of opinion which accepts that the formation of insoluble 
calcium degradation products is necessary for the development 
of glass fibre stress corrosion.
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1.4 IITGRESS OF THE ENVIRDHMENT
The stress corrosion resistance of glass fibres can be improved 
by altering the glass composition. For some applications, 
however, compositional changes may not be desirable, having 
already been optimised from economic and load bearing 
considerations. In such cases it would be beneficial to 
prevent, or at least delay, the environment from reaching the 
fibres. Two types of treatment are available to retard the 
corrosive attack, the application of coupling agents to the 
fibres and gel-coats on the laminate surfaces.
The use of a coupling agent on fibre surfaces has been shown 
[32] to make a useful contribution to the corrosion resistance 
of fibres immersed in water. Although there are some
complications [111], most researchers agree that water degrades 
the glass fibre/matrix interface via hydrolysis of either the 
silane coupling agent or the bonds at the fibre/coupling agent 
interface.
Work by Chiang and Koenig L1121 has identified that 
polyaminosiloxane (a commonly used coupling agent C113]) forms 
chemical bonds at the fibre/matrix interface. Many different 
bonded specie have been observed, including esters, amides, 
i mi des, secondary and tertiary amines all of which respond 
differently to environmental effects. Using Fouriei— transform 
infrared spectroscopy, Ishida and Koenig [114] were able to 
study the hygrothermal degradation of various silane coupling 
agents on E—glass fibres. They concluded that the desorption
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behaviour was partly determined by the solubility of the 
oligomers of the specific silane and the degree of organisation 
of the silane interphase, A C—labeled Y—methacryloxy—
propyltrimethoxy—silane (Y”MPS) was found to produce a three 
layered interphase, the innermost of which consisted of a 
regular three dimensional network of chemically bonded 
oligomers. The improved environmental stability of this 
coupling agent was shown to be a result of maximum siloxane 
bond formation rather than due to a prevention of their 
hydrolysis. This phenomenon is in accordance with proposals 
for the mechanism of equilibrium bonding reported by Lucas 
C115] and reviewed by Cassidy and Yager C113].
The importance of good fibre/matrix adhesion has been 
emphasised by Jones et al. [62] who reported that the mechanism 
involved in transporting the environment into fibre reinforced 
laminates was by wieking along debonded surfaces.
The performance of coupling agents, however, is now open to 
question after environmental stress corrosion studies, on glass 
fibres coated with three dissimilar sizes [101], failed to show 
any significant differences. The authors concluded that the 
finishes were unable to protect the fibres from stress 
corrosion since they could not maintain their integrity under 
stress.
Resin gel-coats will delay stress corrosion cracking by 
providing a barrier through which the acid must diffuse before 
fibre attack can commence. The effectiveness of gel-coats has
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been studied by several workers [38,39,116,1173 and seen by
Hogg [49] to increase failure times by a factor of 10^. Menges
and Gitschner [116] have calculated that a 3mm thick gel—coat 
would be penetrated in three months. Generally, however, their 
usefulness has been shown [39,49,1173 to be restricted by 
cracking under applied loads. Damaged gel-coats have also been 
observed [493 to drastically reduce the life of components. In 
practice gel-coats are frequently used in combination with 
reinforcements such as C—glass tissue and organic fibre veils 
in order to withstand service maltreatment. This type of
protection has not yet been studied but its ability to 
withstand environmental stress corrosion must be suspect due to 
the glass content.
The sorption behaviour of the matrix material is another
important aspect to be considered when contemplating the stress 
corrosion resistance of the laminate.
Adamson [1183 suggested that absorbed water could either occupy 
the free volume of a polymer and be relatively free to move 
about or be bound by hydrogen bonding. In the latter case 
swelling of the polymer would result. With the exception of a 
few special cases [119,1203, moisture absorption reaches a 
stable value dependent upon temperature and relative humidity.
When epoxy resin absorbs water from the atmosphere the surface 
layer reaches a rapid equilibrium with the surrounding 
environment followed by diffusion of the water into the bulk 
material. Water can be absorbed in liquid form, along cracks
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or fibre matrix interfaces [121] or as a group of molecules 
linked by hydrogen bonding to the polymer.
Most diffusion theories are based on Pick's Law which considers 
that the driving force of diffusion is the concentration 
gradient. A simplified analysis is presented by Hix and Alley 
[122] who assume that the diffusivity, D, is independent of the 
concentration, thus;
—  = DS .     (1.25)
dt dx
where dc = Concentration gradient with time F
d^c^ = Concentration gradient with distance x
dx
S = Cross sectional area.
For a plane plate immersed in a liquid the quantity absorbed 
with time, assuming an immediate steady surface equilibrium, 
was shown to be;
(Dt)^ 
" =% L 2 
P
where M^ = Weight absorbed in time t
M^ = Weight absorbed at equilibrium
L = Thickness of plate 
P
D = Diffusion co-efficient
<1.26)
If the behaviour is Fickian a plot of diffusant weight versus 
root time will be linear until approximately 60% of the
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equilibrium absorption value.
Several workers investigated whether it was possible to apply 
this type of analysis to composite materials. Regester C 1233 
used hydrostatic pressures to study the influence that fibre 
reinforcement had on diffusion mechanisms in polyester 
laminates. He found no evidence for an effect and concluded 
that diffusion through the resin occurred in preference to 
transport along the resin/matrix interface.
Dewimille et al. [42,433 substantiated this by reporting that, 
although diffusion rates were three times greater in parallel 
with the direction of fibre reinforcement than normal to it, 
above 65 *C non Fickian behaviour was observed in both pure 
resin and glass/polyester composites. The observed lower 
diffusion rate normal to the fibres can be explained in terms 
of a series of physical barriers which tend to block the 
diffusing species.
Rao et al. [ 1243 found very good experimental agreement for 
natural fibre composites. They reported that when jute/ 
polyester laminates were carefully fabricated to eliminate 
voids, and the volume fraction of a resin impregnated fibre, 
rather than the superficial fibre volume fraction, was 
considered, a Fickian diffusion was satisfactorily adhered to. 
This would suggest that the effect of the fibre on the 
diffusion rate of the resin is more far reaching that its 
immediate locality.
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Shen and Springer [125,126] have published numerous studies on 
the absorption behaviour of both resins and composite 
materials. They assumed a Fickian diffusion model and
developed an expression for the time taken to achieve moisture 
equilibrium.
t = 0,67s2   (1.27)m -----
D
X
where t = Time taken to reach equilibrium in (s) m ^
s = Parameter equivalent to thickness in mm 
= Diffusion coefficient in x direction
They concluded that the time taken to attain this equilibrium 
was independent of the environmental humidity but related to 
temperature via the Arrhenius function,
D^ = d exp<- f/T) ............................... (1.28)
where d and f are material constants.
Romanenkov and Machavariani C1273 confirmed the applicability 
of this type of diffusion model for glass/polyester systems and 
suggested that the composite diffusion co-efficient could be 
considered independent of concentration in compact laminates.
Observation of breakdowns in this model C119,1203 led Bonniau 
and Bunsell C1283 to develop a two phase approach. They 
included terms for the probability of water molecules passing 
between free and combined phases and reported that the moisture
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uptake of dicyandiamide hardened laminates could be 
successfully predicted by this approach.
There is evidence to suggest that some polyester and epoxy 
resins are not homogenous single phase structures. Bergman and 
Demmler C129] reported this for polyester resins, Cuthrell
[130] for bisphenol ' A* cured epoxys and Kenyon and Nielson
[131] for amine cured epoxy systems. It has been proposed 
[129] that these two phase structures are a result of randomly 
occurring areas which contain above average chain coiling. 
These regions are believed to be associated with molecular 
termination sites and give rise to zones of increased density 
by catalyzing the cross-linking process.
Adamson [ 118] postulated that the observed slow approach to a 
moisture equilibrium value was caused by a retarded absorption 
rate for the dispersed phase which has a lower diffusion co­
efficient. The extent of the dispersed phase was assumed to 
be inversely proportional to the cure temperature [130]. This 
is in contradiction with Derbyshire [132] who reported that the 
rate of moisture uptake of a polyester resin was totally 
independent of its thermal history.
Recent studies by Stevens and Richardson [133] have revealed 
that phase separation in epoxy resins could be caused by 
unreacted anhydride crystallising out from solution. The 
authors used polarising optical microscopy to observe 
crystallites and elementary specific heat calculations 
indicated the presence of free anhydride. Infrared spectroscopy
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has also shown that unreacted anhydride molecules play an 
important role in moisture absorption. Liao and Koenig C1343 
propose that these are hydrolysed and leached out thus causing 
a greater degree of resin plasticisation to occur.
Although the moisture content of graphite/epoxy composites has 
been observed to reach a constant value, the moisture 
distribution changes continuously C1263. This could be 
attributed to the existence of more than one resin phase which 
binds the water less permanently. After long periods of time, 
however, most concentration variations were found to occur in a 
boundary layer just below the exposed surface.
Collins [353 commented that the penetration of sulphuric acid 
into polyester/glass laminates was limited to the surface 
layer. A similar effect was noted by Marshall et al. [55,1353 
for the absorption of dilute hydrochloric acid by glass/vinyl— 
ester composites. They concluded that the reaction between the 
glass and the acid resulted in an immobilisation of the 
hydrogen ion leading to a lower diffusion rate. In laminates 
that had suffered surface damage they observed a twenty fold 
increase in the rate of moisture absorption which was 
attributed to the influence of localised stress concentrations.
Hahn and Kim [1363 considered the effect of an externally 
applied stress on the moisture diffusion rate. They reported a 
difference between the absorption and desorption co-efficients 
for water by graphite/epoxy laminates. This was suggested to 
be a result of the surface swelling on absorption thus lowering
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the desorption diffusion rate. Kasturiarachchi C119] studied 
the effect of bending stresses on the rate of moisture uptake 
of glass/epoxy composites. Deviations from Fickian diffusion 
were observed in that he was unable to obtain any equilibrium 
moisture absorption values for ambient temperatures, and 
recorded weight losses at higher temperatures. This behaviour 
was proposed to be due to a thermally activated process by 
which free dicyandiamide could be leached out of the resin. He 
concluded that neither bending nor pre-stressing had much 
effect on water uptake except after very long exposure times. 
This is in slight contradiction to Antoon and Koenig C1373 who 
have noted that this type of degradation process is marginally 
more rapid when the matrix material is under stress.
Gilliat and Broutman C1383 observed a limiting stress value 
below which absorption is Fickian and above which it increases 
rapidly. This phenomenon was confirmed by Whitney and Browning 
[ 1393 who proposed that it was caused by micro-cracking of the 
resin rather than by fibre/matrix debonding. A limiting stress 
approach, such as the above, could explain why several authors 
have reported that stress, whether it is applied hydro- 
statically C1203 or induced by bending [119,1403, has little, 
if any, influence on the laminate diffusion properties.
The sorption behaviour of polyester and epoxy resin has been 
described as being Fickian in nature, approaching an 
equilibrium moisture content after a period of time dependent 
upon temperature. This analysis has been successfully applied
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to composite materials on the assumption that they are compact 
and void free. Evidence suggests that some matrix resins 
contain more than one phase and the diffusion rate through 
these has been modelled using a modified Fickian type approach. 
Deviations from Fick's law have been observed at high
temperatures and in some resins where excess curing reagents
have been dissolved by the attacking environment. To date,
most work has been conducted with the aim of characterising the 
diffusion rate rather than attempting to specify some resin 
parameter which can be adjusted to decrease the rate of
moisture uptake.
The application of a coupling agent to the fibres, during 
manufacture, has been seen to enhance fibre/matrix adhesion, 
thus eliminating one of the mechanisms for chemical ingress. 
The problem with this type of treatment, however, is that it 
only acts as a delay to corrosion and is not a prevention. 
More recent work has also suggested that it is ineffective 
under conditions of applied stress. The use of a gel-coat to 
seal composite components has been studied extensively. By 
this procedure a large improvement in the life time of coupons 
has been observed. Once again, however, the attacking
environment is only delayed and not prevented from reaching the 
fibres. The performance of a gel-coat is extremely dependent 
upon the care taken during application and handling since 
damaged coatings can nucleate accelerated composite failures.
54
1.5 INTERNAL STRESSES
The effect of externally applied stress on the environmental 
corrosion of fibre reinforced laminates is well documented. 
However, accelerated damage has also been reported C60-66] for 
situations where there are no external stresses placed on the 
composite (Jones and Rock, Type III damage). Internal strains 
that exist within the laminate are believed to be responsible 
for this phenomenon and can originate from a variety of 
sources.
Thermal strains are always present within a composite laminate 
that has been subjected to temperature variations [1413. In 
unidirectional laminates they develop at a microstructural 
level due to the different thermal expansion behaviour of the 
matrix and reinforcement. Hull [1423 reported large strains 
developing in unidirectional glass/polyester laminates after 
cooling from 120“C. He commented, however, that the magnitude 
of the stress being built in was difficult to analyse due to 
the viscoelastic response of the material. Bott and Barker 
[1433 proposed that the magnitude and sign of the stress would 
be dependent upon the amount of reinforcement in the matrix. 
For fibre volume fractions of less than 0.5 they considered 
that the resin was continuous and therefore introduced 
contractual pressure on the fibres. When the volume fraction 
exceeded 0.5 they treated the matrix as being discontinuous and 
assumed that it would shrink away from the fibres. They 
concluded that in a laminate with a non-uniform fibre volume 
fraction distribution the resin would be placed in both tension
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and compression.
A thermal expansion mismatch between laminae of different 
orientations was recorded by Schapery [144] to give rise to 
internal strains. This phenomenon has been extensively studied 
and reviewed by Mulheron C145] who also considered the effect 
of moisture on the generation of thermal strains.
Finite element analysis was developed by Hayden Griffin Jr. 
C146] to predict three dimensional curing stresses.The analysis 
included the contribution of ply interaction stresses and the 
temperature dependent viscoelastic behaviour for several 
fibre/epoxy systems. Cairns and Adams [147] concentrated on 
developing test procedures to obtain the necessary parameters 
to forecast thermal and moisture expansion strains in 
unidirectional composites. It is generally agreed [148] that 
moisture can relieve thermal strain in some systems by a 
process of plasticisation of a second phase present in the 
resin.
Menges and Gitschner [116] demonstrated that moisture 
absorption by unidirectional laminates was able to develop 
sufficient stress to cause the formation of micro-cracks. 
Internal stresses arising from osmotic pressure were observed 
by Ashbee et al. [149-1523. They doped polyester and epoxy 
systems with potassium chloride and found that round cavities 
were formed containing sufficient pressure to cause cracking. 
These blisters formed at fibre/matrix interfaces and destroyed 
the interfacial load transfer [1493. Freezing the coupons
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could induce micro-cracking but boiling did not. They
interpreted this as evidence for increased resin flow at higher 
temperatures which could accomodate the rise in internal 
stress. A simple model was formulated C152] which gave some 
representation for the kinetics of the process and concluded 
that relatively modest solute concentrations give rise to 
osmotic pressures sufficient to propagate micro-cracks.
Abeysinghe et al. C153] developed an analytical procedure using 
gas-liquid chromotography to study the contents of osmotically 
produced blisters. They frequently encountered metal cations 
in the fluids which were associated with the glass 
reinforcement. Propylene glycol was confirmed as a cause of 
resin cracking in polyester laminates and its presence was 
attributed to the incomplete utilisation of glycol in the resin 
synthesis.
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FIGURE 1,3
Typical crack speed dependence on stress for a 
material susceptible to environment sensitive 
fracture. The effects of temperature, the 
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region I are indicated by the arrows. Ref. [85]
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for diffusion of the rate determining species 
through different parts of the layer. Ref. [98]
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2. EXPERIMENTAL
2,1 MATERIALS
The main matrix material used in this study was Epikote 828 
epoxy resin (Shell Chemicals), a diglycidyl ether of 
diphenylol-propane (Bisphenol 'A'). This was cured with 80 
parts per hundred of resin by volume (phr) of nadic methyl 
anhydride (Epikure MMA) and catalysed by 2. 0 phr of 
benzyldimethylamine (BDMA). Grystic 272 (Scott-Bader and
Company Limited) was used occasionally during this study. This 
is an isophthalic unsaturated polyester resin and was cured 
with 2 phr of a 50% methyl ethyl ketone peroxide solution 
(Catalyst M) and 0.25 phr of cobalt napthenate solution 
(Accelerator E).
The reinforcement materials were : -
1] Silenka 084 P E-glass roving-1200 Tex. Finished with a 
polyester/epoxy compatible size and appropriate silane 
coupling agents.
2] Silenka 095 E-glass roving-1200 Tex. Finished with a 
rubberised size and an appropriate coupling agent.
3] Silenka 611 E-glass roving-1200 Tex. Finished with a starch 
size for textile applications.
4] Morganite Modmor (Type II). Untreated carbon fibre roving.
A list of resin and fibre properties is presented in Table 2.1.
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2.2 LAMINATE FABRICATION
A variety of different types of laminate were fabricated 
throughout this study the construction of which are given in 
Table 2.2,
2.2.1 [0,90,03 Epoxy Cross-Ply Laminates (Type E)
A 0.4m square metal frame was automatically rotated at 15rpm 
and synchronised with a revolving screw thread which guided the 
placement of fibre tows. A slight, even, back tension was 
applied to maintain the fibre alignment. Each traverse of the 
frame produced a unidirectional fibre winding with a tow 
density of 667 tows per metre. Further plies could be added by 
reversing the rotation of the screw. To add 90* cross-plies 
the frame could be rotated through 90* (see Fig. 2.1).
The epoxy resin composition was vacuum degassed at 45*C and 
poured evenly onto a cold plate covered by a silicone coated 
release film (Melinex) and allowed to cool. The wound frame 
was placed onto a heated plate covered with Melinex and lowered 
into a vacuum chamber. The chilled resin was carefully 
positioned on top of the fibres and the chamber evacuated until 
the fibres had been impregnated by the warming resin. Once 
wetting out was completed additional resin was poured onto the 
lay-up, the air bubbles were worked out and a uniform thickness 
obtained. The laminate was cured in an oven for 3 hours at 
100*C under 30kg of weight.
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2.2.2 [0,90,03 Polyester Cross-Ply Laminates (Type P)
The fibres were wound onto a metal frame as described above. 
The activated resin was vacuum degassed at 25*C, poured onto 
the fibres and covered with a Melinex release film. The resin 
was then worked into the lay-up until any air bubbles were 
removed and wetting out was completed. The laminate was cured 
on a flat surface at room temperature for 24 hours under a 30kg 
weight.
2.2.3 Epoxy Resin Sandwich Laminates (Type R).
Epoxy resin sandwich laminates were fabricated by preparing two 
unidirectional laminates using the method described in section 
2.2. 1. These were cut from the metal frames, aligned and 
joined together using an epoxy adhesive after placing spacers 
along three of the cut edges. This formed a parallel hollow 
sandwich with three sealed edges. Degassed resin was carefully 
introduced and the laminate cured vertically for 3h at 100*C.
2.2.4 Laminates Containing Discrete Interior Tows (Type D>.
A two stage technique was developed for the manufacture of 
laminates containing discrete transverse tows. Single tows of 
glass fibre were wound in tension onto a metal frame, vacuum 
impregnated with degassed epoxy resin and partially cured for 2 
hours at 90 *C. These were furnace cooled, cut to size and 
carefully adhered to a smaller metal frame the requisite 
distance apart. After the adhesive had set with the tows in
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the correct position, the longitudinal fibres were wound onto 
the frame. Extra resin was added after vacuum impregnation to 
ensure the removal of all the trapped air between the 
transverse tows. The lay-up was cured under a 20kg weight for 
3 hours at 100 C and immediately cut from the frame to prevent 
thermal distortion to the laminate.
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2.3 TECHNIQUES
2.3.1 Coupon Preparation
Samples were cut to the required dimensions, determined by the 
type of experiment to which they were subjected (see Table 
2.3), using a water cooled circular diamond saw. Precise post- 
cure treatments of 3h duration (unless otherwise stated) were 
achieved in a Phillips chromatography PV400 series air 
circulation oven which was accurate and stable to within 0.5*C.
End-tags were stamped out of 1mm thick aluminium sheeting and 
etched in a solution of sodium dichromate and sulphuric acid 
for one hour at 55 *C. The ends of the coupons for tensile 
testing were abraded using a surface grinder and the etched 
tags applied using a thin layer of warm epoxy adhesive and 
lightly compressed in a jig to ensure good bonding.
10mm long strain gauges (PL-10-11, Tokyo Sokki Kenkyujo Company 
Limited) were attached to a lightly abraded cleaned region of 
the tensile specimen by a thin layer of warm epoxy adhesive. 
Any trapped air was expelled by gently pressing the gauge into 
position. Occasionally, longer gauges were used to achieve a 
more uniform response during coupon transverse cracking.
2.3.2 Polishing and Microscopy
Small specimens for examination under the optical microscope 
were mounted in Metserv Metset FT resin. The samples were
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prepared on a Struers polishing machine using abrasive paper 
discs. An automatic polishing attachment was used with 6pm and 
1pm diamond pastes for Ih to achieve the final surface. 
Distilled water containing a small quantity of detergent was 
added as a lubricant. The cut edges of larger coupons were 
successfully hand polished without mounting but it was 
necessary to remove the aluminium end-tags to prevent 
contamination of the polishing wheel. Specimens for examina­
tion under the electron microscope were fixed to an aluminium 
stub using double sided tape, or a suitable epoxy adhesive, and 
coated with a layer of carbon.
Polished coupons, were examined and photographed using a Carl 
Zeiss optical photomicroscope under both incident and 
transmitted light. A Jeol JSM 35CF scanning electron
microscope was used for detailed fracture surface 
investigations and elemental analyses were performed by a 
microprobe attachment using energy dispersive X-ray analysis 
<EDAX). An ultra-thin beryllium window could be removed in 
order to scan for the lighter elements.
2.3.3 Dynamic Mechanical Analysis
A Polymer Laboratories Dynamic Mechanical Thermal Analyser 
(DMTA) has been used extensively both to monitor the quality of 
fabricated laminates, and to study resin and laminate 
mechanical response to thermal and environmental treatment.
The DMTA consists of a dynamic analyser and a temperature
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programmer (Fig. 2.2). The system utilises a technique of 
sinusoidal excitation and response coupled with a thermal 
cycle. A displacement acts at the mid-point of a beam 
subjecting it to three point bending. The applied force and 
the resulting deformation both vary sinusoidally with time. 
For linear viscoelastic behaviour, the strain will alternate 
sinusoidally but will be out of phase with the stress. This 
phase lag results from the time necessary for molecular 
rearrangements and is associated with relaxation phenomena. 
The stress can be considered to consist of two components, one 
in phase with the strain and the other 90* out of phase with 
the strain. When these are divided by the strain the modulus 
can be separated into an in phase Creal,E'> and an out of phase 
(imaginary,E”) component. The real component E' is called the 
storage modulus since it is related to the storage of energy, 
as potential energy, and its release in the periodic 
deformation. The relationship between the two components is 
given by;
kE' = kE"/tan S ...................................(2.1)
The loss tangent, tan S, (a measure of the phase lag in the
stress/strain response) is called internal friction or damping
and is defined as the ratio of the energy dissipated per cycle
to the maximum potential energy stored during a cycle. The
ratio is dependent upon the structure of the material and
changes in properties, such as the degree of cure or chemical
composition, will alter the magnitude and position of the
primary damping peak, known as glass transition T C154].
S
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The apparatus was calibrated using a sample of epoxy resin with 
a tensile modulus of 4.24 xlO ^ Pa. Coupon sizes were of the 
order of 45 x 10 x 2.5mm and the shape correction parameter was 
calculated according to [155];
-log P = log 2c(Lp/s)^   (2.2)
where ^ = Shape corrections parameter
L = Coupon thickness
P
s = Flexed coupon length
c = Coupon width
For the purpose of this study a specimen displacement frequency
of IHz was chosen with an automatically varied low strain
—  1
setting. A heating rate of 3*C min was selected to allow a 
uniform sample thermal response. Significant assymetry of the 
primary tan S peak was indicative of incomplete cure of the 
laminate. The identification of these laminates would prevent 
them from introducing a bias to the experimental results.
The usefulness of the DMTA for studying the fibre/matrix 
interfacial bonding described in section 3.1.2 was investigated 
by analysing coupons cut from two type E [0,90,0] glass/epoxy 
laminates. The areas below the tan S peaks were found to vary 
a maximum of 6% between coupons from different laminates and 1% 
between coupons from the same laminate.
The tan S peak position is quoted as being accurate to within 
±0.5*C [155] for heating rates compatible with the coupon
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dimensions. The reproducibility of peak magnitude is suggested 
by the author to be in the region of ± 0.05 but is determined 
to a large extent by the skill of the operator. The accuracy of 
both apparatus calibration and measurement of coupon dimension 
relatively insignificant when compared with the importance 
of achieving correct coupon clamping. This must be evenly 
distributed, tight enough to prevent slippage during glass 
transition but as light as possible to prevent coupon pre— 
stressing.
2.3.4 Tensile Testing
Tensile testing was performed using an Instron 1196 or 1175 
vertical compression/tension machine. The apparatus was screw 
driven and fitted with a 100k# load cell. 1200 strain gauges 
were calibrated by means of a resistance box according to the 
following equation;
~ (480/G^g ) - 240 G^e ...............  <2.3)
where G^ = Gauge factor
e = Required full scale strain deflection 
R^ = Required calibration resistance.
Coupons were mounted vertically and extended slowly at a cross­
head speed of 0. 05mm min to allow time for transverse cracks 
to form individually. A nominal gauge length of 100mm was 
used, unless otherwise stated, and stress/strain graphs 
plotted.
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2.3.5 Stress Corrosion Testing
Several Electronic and Mechanical Engineering Company creep 
rigs were used during the stress corrosion investigations. The 
coupons were held tightly at each end by small clamp assemblies 
and suspended vertically in a creep rig. Weights were applied 
to a cantilever until the laminate had been pre—stressed by the 
required amount. The strain gauges were connected to a Vichay 
strain box thus allowing an accurate and reproducible initial 
strain to be built into each coupon before testing. Cells 
clamped on to the face of the coupons (face—cells) were 
normally used for laminate coupons and circumvented any 
anomalous effects of the transverse ply cut edges. 10mm 
diameter plastic caps were used to contain the environment. 
This was gently held in position by a small tube clamp and the 
acid injected from a syringe until the cell was filled.
The stress corrosion testing of resin and laminate coupons, 
reported in sections 3.5.1 and 3.5.2 respectively, utilised 
fully enclosed 100mm gauge length environmental cells as shown 
in Figure 2.3. Leak proof seals were achieved by applying a 
thin layer of high vacuum grease. A constant temperature of 
21 "C ± 1“C at approximately 32% relative humidity was
maintained.
2.3.6 Laminate Corrosion Testing
3
100 mm long plastic cells with 2cm capacities were held onto 
the surface of the coupons by small tube clamps and sealed
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using a high vacuum grease. The specimens were suspended from 
a free standing frame by an aluminium tag attached to the 
coupon with double sided tape (see Fig. 2.4). The tensile 
thermal strain in the transverse ply of the coupons was 
calculated, using the Garrett and Bailey equation C63 , to be in 
the region of 0.25%. No external strain was applied and the 
temperature was maintained at 21*C ± 1*C with approximately 32% 
relative humidity. A known quantity of the required
environment was introduced via the open upper face of the cell
3
and topped up daily using a 1cm syringe. The absorption of 
the environment by the laminate coupon could be calculated 
after taking into account any evaporation which was being 
monitored simultaneously. The time to first visible damage was 
recorded and the rate of damage propagation observed.
2.3.7 Single Fibre Stress Corrosion Testing
Single fibre strands were carefully separated from the tows, 
cut to 100mm lengths and adhered to test cards with a punched 
out gauge length of 50mm. The fibre diameters were measured 
accurately using a low power laser beam. This becomes refracted 
on passing through the glass to reveal a fringe pattern. The 
number of fringes between two specified angles can be related 
to the fibre diameter by the following equation C 1563 ;
np = 2r ((SinGg + [pf+l-BpCosGg]*)
)T  2 *  2 "
-(SinG^ + [pf+l-2pCosG^]^))  (2.4)
2 2
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where Up = Number of fringes within the angle 
p = Refractive index of glass fibre 
X = Wavelength of laser light 
r = Fibre radius.
By aiming the laser through the glass fibre onto a grid the 
number of fringes over a known distance could be counted. To 
prevent errors associated with low angle refraction, only 
fringes further than G^= 5* from the beam axis were included in 
the count. The principle of the measurement is presented in 
Figure 2.5 and a comparison with measurements taken using 
optical microscopy given in Table 2.4
After a diameter measurement had been obtained a hooked glass 
rod and a rubber loop were adhered to the fibre strand. This 
was cut from the test card when the glue had hardened, 
carefully lowered into an environmental beaker and hooked onto 
a pivoted sensor clamped to the side of a constant temperature 
water tank. A glass weight was hung onto the rubber loop in 
order to apply the required tensile strain to the fibre. 
Magnetically operated reed switches were positioned at the end 
of the pivots such that on fibre failure an electric circuit 
would be interrupted. The experimental apparatus is presented 
in Figure 2.6. The fibre failure data was recorded on a 
Commodore CBM 4032 computer which was multiplexed using a 3D 
digital data interface to scan 64 fibre stations 
simultaneously. (A more detailed description of the apparatus, 
its construction and the design of the associated software is 
given in Appendix 1. >
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2.3.8 Volume Fraction Measurement
Previous studies by Mulheron C1453 demonstrated that the 
composite fibre volume fraction could be calculated accurately 
from the laminate thickness using the following equation;
N ¥n
V =   %  (2.5)
where = Number of fibre tows per mm
W = Tow weight per m ... = 1.2193g (Silenka 084) 
n = Number of plies 
= Fibre density 
Lp = Composite thickness
The local volume fraction in the transverse ply was calculated 
from enlarged optical photomicrographs using;
V^ = lOON^mr^/S %      (2.6)
where N^ = Number of fibres in area S 
r = Average fibre radius
2.3.9 Other Techniques
Analyses using ultra violet and atomic absorption spectroscopy 
were kindly recorded by staff of the Chemistry Department.
TABLE 2.I
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MATERIAL PROPERTIES
PARAMETER FIBRE RESIN
E-GLASS CARBON* EPIKOTE 828^ CHRYSTIC 272*
Youngs Modulus 
GPa
72 [,59] 250 "GW 3. 8 4. 0
Poisson Ratio 0.2 "w: 0.2^'GI] 0.38 ['GO] 0.4['W]
Thermal Exp. 
Coeff. x IQ-^K”^ 5
_^ [160] 60['*'] 70['"]
Density g/cm^ 2.55 1.85 ['GO] 1. 12 ['GO] 1.2i['G0]
* Longitudinal values quoted ,
Transverse Modulus = 80 GPa, T.E.Coeff, : 18 xIO K 
I Post-cured 3h @ ISO'C 
I Post-cured 12h Î SO'C 
[] Denotes reference in which value is quoted
TABLE 2.2
SUMMARY OF LAMINATE CONSTRUCTION
LAMINATE
TYPE
MATRIX
RESIN
FIBRES TOW
DENSITY/mO' 90*
E EPIKOTE 828 SILENKA 084 SILENKA 084 6667
ER EPIKOTE 828 SILENKA 095 SILENKA 095 6667
ES EPIKOTE 828 SILENKA 611 SILENKA 611 6667
EC EPIKOTE 828 SILENKA 084 CARBON 6667
R EPIKOTE 828 SILENKA 084 - 6667
D-2 EPIKOTE 828 SILENKA 084 SILENKA 084 500
D-3 EPIKOTE 828 SILENKA 084 SILENKA 084 333
P CHRYSTIC 272 SILENKA 084 SILENKA 084 6667
TABLE 2.3
COUPON DIMENSIONS
TEST THICKNESS WIDTH LENGTH
Corrosion 2.5 10 230
DMTA 2.5 10 45
Tensile 2.5 25 230
TABLE 2.4
COMPARISON OF METHODS OF FIBRE 
DIAMETER MEASUREMENT
FIBRE DIAMETER (p) AS DETERMINED BY
LASER OPTICAL MICROSCOPE
NUMBER MEAN s. d NUMBER MEAN s. d
Si lane Coupled 900 15. 62 1.3 80 15.70 1.3
Starch Sized 30 16. 12 1.9 80 16.32 1.5
Rubber Sized 30 10.37 1.2 80 10. 00 1.2
FIGURE 2,1 
The laminate winding apparatus
t
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h) The head assembly showing 
a coupon clamped in position
a) General view
FIGURE 2.2
The Dynamic Mechanical Thermal Analyser
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FIGURE 2.3
Environmental cell used for stress 
corrosion testing in section 3.3
t |t il |I
FIGURE 2.4
Laminate corrosion testing
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FIGURE 2.5
Fibre diameter measurement 
using laser diffraction.
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Single fibre stress 
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3, EESULTS
3.1 MECHANICAL TESTING
3.1.1 Reproducibility of Laminate Transverse Properties
Seventy coupons were cut from six identically fabricated type E 
[0,90,0] epoxy/glass laminates in order to examine the 
reproducibility of the tensile testing technique and the 
laminate fabrication process. The dimensions of each coupon 
were accurately measured using a micrometer screw gauge and 
thirty selected for tensile testing on the basis of their 
geometric uniformity and similarity (Table 3.1). This was to
prevent a dimensional bias from being introduced. The coupons 
were post-cured at 150*C and prepared for tensile testing as 
described in section 2.3.1. Each coupon was loaded to 7kN on 
an Instron 1196 to record the stress/strain curve and the onset 
of transverse ply cracking. Dynamic mechanical thermal
analysis (DMTA) was performed on coupons from each laminate to 
assess any differences between matrix properties arising from 
formulation or curing procedures.
Typical stress/strain curves and relaxation spectra (tan a v T) 
are given in Figure 3.1 and 3.2 and the results presented in 
Tables 3.2 and 3.3 respectively. The average applied transverse 
first cracking strain (e^^^) for the thirty coupons was 0.22% 
with a standard deviation (s.d) of 0.02%. The recorded values 
indicate that the composite tensile testing and fabrication 
procedures were reproducible to within 10%.
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3.1.2 Mechanical Performance of Laminates Containing 
Different Types of Fibre Reinforcement
The mechanical properties of several laminates containing 
different types of reinforcement were analysed. These included 
standard silane, rubber and starch sized glass fibres and an 
untreated carbon fibre. A polyester/glass laminate was also 
fabricated for a comparison of matrix materials. The £0,90,0] 
epoxy laminates listed in Table 3.4 were fabricated as 
described in section 2.2. 1 and coupons from each were post- 
cured at 100, 125 and 150*0. The polyester laminate coupons,
fabricated as described in section 2.2.2, were given one post- 
cure treatment only, at 50*0 for 5h, since higher temperatures 
were found to prematurely damage the coupons.
Longitudinal and transverse strain gauges were attached to the 
coupons which were tensile tested on an Instron 1175 and 
photographed at 60s intervals to record the development of 
transverse cracking.
The tensile testing results are given in Table 3.5 and clearly 
show a deterioration in the transverse strength as the post­
cure temperature increased. After post-curing at 150*0 all the 
laminates exhibited similar transverse first cracking strains.
Figures 3.3-3.7 present photographs of the development of 
transverse ply damage with increasing strain CO - 1.2%) for the 
various laminate types after post-curing at 150*0. Little 
difference in appearance was observed between coupons subjected
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to the other post-cure schedules. The ER (rubber)* laminate 
coupons (Fig. 3.5) show a smaller crack spacing than observed 
for the type ES (starch) coupons at similar applied strains 
which could be a result of the thinner plies C133. Stress 
whitening was observed in the type E (silane) and ER coupons 
shown in Figures 3.3 and 3.5 which suggested that the 
fibre/matrix interface had been damaged. The transverse ply 
cracking in coupons from type EC (carbon) laminates (Fig. 3.7) 
became visible as a result of the transparent longitudinal 
glass plies.
Micrographs of the transverse cracks for each of the laminates, 
after 1% strain, are included in Figures 3.3-3.7. Cracks were 
seen running parallel to the ply interfaces in coupons 
containing carbon transverse plies which suggested the presence 
of high intei ply shear strains the most likely origin of which 
was a large thermal expansion mismatch. Star cracking was 
observed in the polyester coupons throughout the transverse ply 
whereas sections from the other three coupons show typical 
'straight* cracking normal to the direction of applied strain. 
Some evidence of 45* cracking was found in the coupons 
containing the starch sized fibres.
Coupons from each of the laminates tested in tension above were
also analysed by DMTA. The results are presented in Table 3.6
and the relaxation spectra given in Figures 3.8 and 3.9. The
tan Ô peak position is seen to shift to higher temperatures
dependent on the post-cure temperature. The peak magnitude
appeared to be relatively independent of the type of fibre.
% Brackets indicate the type of fibre or coating
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3.2 TRANSVERSE CRACKING
3.2.1 The Location of Initial Transverse Cracks
The locations of the first fifteen transverse cracks formed 
during tensile testing of thirty type E [0,90,0] epoxy/glass 
laminate coupons were labelled in order to examine whether a 
preferred cracking sequence existed.
Figure 3.10 gives a histogram of the location of the first five 
cracks in terms of their position with respect to the ends of a 
100mm gauge length. This indicates a slight preference for 
these to form near the grips which is understandable since the 
clamping pressures are likely to damage the transverse plies 
adjacent to this region. Despite this, however, the location 
of the first fifteen cracks given in Figure 3.11, demonstrates 
that these are randomly located. This appears to contradict 
the basic shear lag theory which predicts the location of the 
transverse cracks [43. One interpretation of this behaviour is 
that the initial cracks are controlled by inhomogeneities 
within the transverse ply but as the load increases a shear lag 
type of mechanism develops. Examination of polished- edges 
revealed that some of these early cracks were associated with 
resin rich areas between the glass fibre tows (see Fig. 3.12).
3.2.2 The Influence of Local Volume Fraction Variations on 
The Location of Transverse Cracks.
The previous experiment identified that the transverse ply of
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[0,90,03 laminates cannot be considered to have an homogeneous 
fibre volume fraction distribution. The edge of a transverse 
ply has been examined both before and after cracking. The 
location of the damage was compared with local variations in 
ply thickness and fibre volume fraction to determine whether 
certain regions were more susceptible to cracking.
A coupon (LTC-1) was cut out from a type E [0,90,03 epoxy/glass 
laminate and polished along one cut longitudinal edge. A 100mm 
gauge length was photographed under incident light in an 
optical photomicroscope at x30 magnification. Contact prints 
were taken from the negatives and joined together in sequence 
to obtain an enlarged cross section of the transverse ply.
The coupon was post—cured at 150*C and loaded to 1.4% strain on 
an Instron 1196. The transverse cracking sequence was recorded 
photographically and the polished edge re-photographed. A 
second set of contact prints were assembled for comparison with 
the original.
Two sections from the edge of coupon LTC-1 are shown in Figure 
3.13. The swirls of dispersed fibres clearly indicate the 
locations of individual transverse tows illustrating the 
difficulties in attaining a uniform distribution within the 
plies. Cracks ranked 8 and 56 are associated with resin rich 
regions whilst 5 and 32 pass through regions containing an 
above average density of fibres. The three charts presented in 
Figure 3. 14 compare the order of crack occurrence with the 
variations in inner ply thickness and fibre volume fraction
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along the transverse ply of the coupon. Although some level of 
correlation could be determined for these earlier cracks a 
meaningful analysis was impossible because of the large 
variation in the fibre distribution (between 0.2 and 0.65 glass 
volume fraction). Another point to note is that a crack may 
initiate in a particular region but run into another, so that 
the initiation site is uncertain. It is more likely for a 
crack to form at a cut-edge rather than in the bulk of the 
coupon because of the stress fields in these regions [73. Some 
of the cracks, therefore, could have been caused by defects or 
inhomogeneities on the other unexamined edge of the coupon. 
The speed with which these transverse cracks propagated made it 
impossible to observe from which edge they had originated.
With these points in mind a second coupon (LTC-2) was cut from
the same laminate as LTC-1 and post-cured at 100*0 and then at
150*0. The coupon was tensile tested on an Instron 1196 to 0.8%
strain, unloaded, and re-strained to 1.6%. Both of the 
longitudinal cut edges were polished and photographed under 
transmitted light after each thermal and tensile treatment in 
order to minimise the difficulties reported above.
Post-curing was found to decrease the strain necessary for the 
onset of transverse cracking. A typical section from the 
transverse ply edge of sample LTO-2 is illustrated before (Fig. 
3.15) and after (Fig. 3.16) tensile testing to 0.8% strain. 
Illumination with transmitted light indicated the distribution 
of glass fibres by the presence of light and dark areas. The 
lighter zones represent regions of more densely packed fibres.
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The mirror imaging of the illuminations between opposing cut 
edges illustrated in Figure 3,16 was a consistent phenomenon 
exhibited along the entire length of the coupon and indicated 
that the fibre/resin distribution was constant in the z 
direction. In support of this, a large majority of transverse 
cracks were observed to run parallel to each other and to the 
direction of reinforcement.
Increasing the coupon extension to 1.6% strain led to the 
formation of the 45* cracking photographed in Figure 3.17. 
These developed in association with existing transverse cracks 
and were presumed to be the result of the redistribution of 
strain back into the transverse ply in these regions.
The photographic sequences indicated that the location of 
transverse cracks, other than the initial few, was controlled 
by both microstructural and statistical factors. This was 
attributed to complex shear interactions occurring along the 
transverse/longitudinal ply interface which became more 
significant as the tensile loading increased. Therefore, a 
computer simulation was designed to study the failure of the 
transverse ply more closely and will be developed in section 4,
3.2.3 Transverse Cracking Resulting from Immersion in 
Dilute Sulphuric Acid
The aim of this experiment was to determine whether transverse 
ply cracking initiated by unstressed environmental testing bore 
any similarity to that from tensile testing in the absence of
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the environment. Two type E CO,90,0] epoxy/glass laminate 
coupons were cut from the same lay-up as LTC—2 and post—cured 
at 100 (coupon LTC—3) and 150*C (coupon LTC—4). The coupons 
were immersed for 12 hours in a 0.5M sulphuric acid solution. 
Coupon LTC—4 was briefly examined and then immersed for a 
further 12 hours. The coupons were polished and photographed 
under transmitted light both before and after each treatment as 
described previously in section 3.2.2.
The post-cure treatments were found to have little effect on 
the appearance of the environmental transverse ply damage, 
however, small edge cracks were first detected after only 2 
hours in coupon LTC—4, subjected to the higher temperature 
treatment, but took over 5 hours to develop in coupon LTC—3.
Two typical sections from opposing edges of coupon LTC-3 are 
shown, before and after immersion, in Figures 3.18 and 3.19. 
The generally lower intensity of the illumination and the 
greater ease with which the fibres could be depicted after 
immersion indicated that the fibre/matrix interface at the cut 
edges had been attacked. The transverse/longitudinal ply 
interface was subjected to cracking and existing flaws were 
observed to propagate (arrowed and circled in Fig. 3.19). 
Increasing the immersion time to 24 hours increased the 
severity of the attack and cracks which were transverse in 
nature developed as shown in Figure 3.20. Figure 3.21 
illustrates the development of damage to an existing flaw after 
exposure to the acid.
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3,3 PROPERTIES OF DISCRETE TRANSVERSE TOW COUPONS
The results in section 3.2 demonstrated that transverse cracks 
propagated through areas containing both high and low fibre 
volume fractions. Therefore coupons with a variety of discrete 
regions along the transverse ply were fabricated to investigate 
this behaviour more closely.
3.3.1 Tensile Testing of Discrete Transverse Tow Coupons
Two type D glass fibre reinforced laminates were layed up with 
discrete transverse fibre tows as described in section 2.2.4. 
In one the tow spacing was 2mm CD—2) and in the other 3mm 
(D—3). Six adjacent specimens were cut from each of the 
laminates such that coupons from the same lay-up contained 
sections of the same transverse tows (see Fig. 3.22). Coupons 
from each laminate were post-cured at 100,125 and 150*C, and 
prepared for tensile testing as described in section 2.3.1. 
The coupons were tensile tested to 1.4% strain on an Instron 
1175 and photographed every 45 seconds during transverse 
cracking. The laminate strain at which the individual tows 
developed transverse cracks was determined after analysing the 
photographic cracking sequences. Sections of the strongest and 
weakest tows were prepared for optical microscopy and a rela­
tionship between tow shape and transverse strength determined.
The results of the tensile tests on the discrete tow coupons 
are given in Table 3.7 and indicated that neither post—curing 
nor tow spacing had much effect on the transverse first
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cracking strain which remained constant at about 0.6%. This 
was approximately three times greater than that recorded for 
the coupons of standard construction given in Table 3.2. 
Figure 3.23 presents photographic sequences for the development 
of transverse cracking with increasing strain, for two coupons 
post-cured at 150*C, and shows that the majority of cracks had 
formed at the tow/matrix interface. The D-3 coupons often 
exhibited cracks on either side of a tow whilst D-2 coupons 
would contain several unfailed tows after testing.- Thus the 
overall crack spacing in the two laminates remained constant 
for a given value of strain. Cracks were occasionally seen to 
propagate through the resin as shown in Figure 3.24.
Each transverse tow was assigned a number, 1 to 52 in D-2 and 1 
to 33 in D-3 coupons. Since the coupons had been cut out 
adjacent (see Fig. 3.22), tow 10 in one coupon was a section 
from the same tow as tow 10 in another coupon. The plots of 
tow transverse cracking strain versus tow number, shown in 
Figure 3.25 (D-2 coupons) and Figure 3.26 (D-3 coupons),
revealed remarkable similarities in shape between coupons cut 
from the same laminate. This indicated a relationship between 
the tow transverse failure strains in the different coupons. 
The Spearman Rank Correlation test was applied to pairs of 
coupons to validate this so that particularly strong or weak 
tows could be identified and then examined. The formula used 
was [157];
n(n^-l) - 6Zd^ - 6(u'+u',.)
X  x+1
R = ...................................    (3.1)
(n(n^-l)-12uM^ (n(n^-l)-12u^_^^)^
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where u' = (Zu^ -Zu )/12 
X  c c
= Number of paired data points at a given rank
n = Number of data points (tows)
d = Difference between rank of paired data points
X = Coupon designation
To analyse the data, the tows were ranked in order of their 
strain to transverse failure. Where simultaneous cracking 
occurred the mean rank of the tows was taken. Two sets of 
ranking were then compared and the difference between the 
paired values (d) calculated. The contingency tables for each 
pair of data are presented in Table 3.8 for D-2 and Table 3.9 
for D-3 coupons.
For this test there exists three alternative outcomes, A = no 
association, A+ = direct association. A- = inverse association. 
The hypothesis called for by this problem is one sided, since 
the claim to be investigated is a significant direct 
relationship. The alternative is then A4- and the appropriate 
P -value is a right-tail probability on R. This can be 
approximated to the P -value based on the normal curve by 
obtaining the standardised normal variable;
z = I Rl (n-1) ^ .....................................(3.2)
Table 3.10 shows that coupons from laminate D-2 have P -values 
between P =0.0013 and P =0.0094 and those for D-3 lie between 
P =0.0002 and P =0.0011. The conclusion is that for both types 
of discrete tow laminate there is a significant direct
88
relationship between the tow transverse failure ■ strains 
independent of the coupon in which they are embedded.
Sections from typically strong, average and weak tows are 
illustrated in Figure 3.27 and indicated that the more uniform 
the tow shape and the greater the glass fibre dispersion within 
the tow the higher its strength. Some circumferential cracking 
was observed around the weak tows in addition to the transverse 
crack indicating that stress magnification occurs in the 
tow/resin interfacial regions. Figure 3.28 presents a plot of 
tow transverse failure strain versus glass volume fraction for 
the sectioned tows. A negative slope is observed the exact 
nature of which is difficult to determine since some of the 
tows had survived the testing.
3.3.2 Tensile Testing of Coupons Containing Internal Plies 
of Resin
The photographs presented in Figure 3.24 showed transverse 
cracks which had propagated into the resin rich regions of the 
transverse ply. The failure strain of the resin is reported 
C158] to be in excess of the transverse ply strain at which the 
cracks occurred. Therefore an examination of the behaviour of 
the matrix under tension was desirable.
A type R laminate, containing a 1.5mm thick interior ply of 
resin, was fabricated as described in section 2.2.3. Two 
coupons were cut out, post-cured at 150*C and both failed in 
tension on an Instron 1175.
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Figure 3.29 presents a typical stress/strain curve in which the 
composite modulus can be seen to increase slightly on the 
commencement of loading. Failures at approximately 2% strain 
were immediately preceded by the development of a single 
longitudinal split from which numerous hairline cracks ran into 
the resin layer perpendicular to the applied load (see Fig. 
3.30). The cracks were spaced less than 0.5mm apart and most 
were arrested before reaching the edge of the coupon.
3.3.3 Stress Corrosion Testing of Discrete Transverse Tow 
Coupons Exposed to Dilute Sulphuric Acid.
Three further coupons were cut from each of the two type D 
laminates fabricated in section 3.3.1 and post-cured at 100, 
125 and 150*C. 10mm strain gauges were attached longitudinally 
and the coupons stress-corroded as described in section 2.3.5. 
An initial strain of 0.11% was applied to the coupons and the 
clamp on face-cells filled with 0.5M sulphuric acid. The times 
to failure were recorded and the development of environmental 
cracking followed photographically. Sections were prepared for 
analysis in the optical microscope and the relationships 
between tow spacing, post—cure temperature and coupon failure 
investigated.
The times to first damage and failure of the coupons are 
presented in Table 3.11. It is interesting to note that, where 
as the tow spacing had little effect on the tensile properties, 
vast differences in the corrosion resistance were observed. 
After 2 months exposure no visible environmental damage had
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developed in the D-3 laminate coupons with the exception of a 
small amount of surface fibre 'whitening' shown in Figure 3.31. 
In contrast the D-2 coupons all failed within the environmental 
cell and extensive damage was observed throughout the rest of 
the coupon in both the longitudinal and transverse plies. A 
sequence of damage propagation in a D-2 coupon is shown in 
Figure 3.32 and a failure in Figure 3.33. Increasing the post- 
cure temperature improved the resistance to stress corrosion 
damage which was usually initiated as a small longitudinal 
split about 15mm above the face-cell.
Microscopic analysis of the apparently undamaged transverse 
tows in the D-3 coupons showed that some circumferential cracks 
had developed (see Fig. 3.34). These were similar to those 
observed in some tows after tensile testing, shown in Figure 
3.27. Transverse sections from D-2 coupons are presented in 
Figure 3.35 and show a tendency for more than one crack to form 
per tow. By focussing below the polished surface of this 
sample, close to the point of fracture, hairline cracks in the 
resin were revealed. These cracks are illustrated in Figure 
3.36 and appear to originate from the transverse/longitudinal 
ply interface.
The polarised light micrographs given in Figure 3.37 depict the 
interactions between the glass fibre tows and the matrix. The 
areas of stress magnification appear lighter in shade and can 
be seen to concentrate around the tow/resin interface and in 
the area of resin between the tow and the ply boundary 
(circled) .
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3.4 LAMINATE CORROSION TESTING
The following experiments were designed to investigate the role 
of the fibre reinforcement and the effect of the solubility of 
the glass degradation products on the development of 
®^vironmental corrosion cracking in unstressed laminates.
3.4.1 The Effect of Sulphuric Acid on Laminates Containing 
Different Fibres
Coupons were cut from each of the five types of [0,90,0] fibre 
reinforced laminates tested in Section 3.1.2 and listed in 
Table 3.4, (standard silane, starch and rubber sized glass 
fibres, untreated carbon fibres and a polyester/glass 
laminate). These were post—cured at 150“C and corroded by a 
0.5M sulphuric acid solution as described in Section 2.3.6. The 
time taken to initiate environmental cracking, the rate of 
crack propagation and the quantity of the sulphuric acid 
solution absorbed were recorded.
Damage to the laminate usually occurred by means of a three 
stage process as shown in Figure 3.38. Stage one involved the 
initiation of some minor damage, usually a small longitudinal 
split in the 0* ply about 5mm above the level of the 
environmental cell. During stage two slow growth of this crack 
and the development of associated transverse cracks in the 90“ 
ply above the acid level occurred. Finally in stage three the 
cracks propagated until the whole coupon was covered with 
multiple cracks. Table 3. 12 gives the results for the laminate
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environmental corrosion in terms of the average time taken to
initiate stage one and stage three damage averaged for five
coupons. Photographs of typical corrosion damage to each of
the five types of laminate are presented in Figure 3.39.
Longitudinal splitting did not occur in the polyester coupons
which developed only a few transverse cracks during the two
months of testing. Damage was initiated and propagated most
*
rapidly in the type EC (carbon) and ER (rubber) coupons but no 
significant difference was observed between type E (silane) and 
ES (starch) coupons which both developed cracks more slowly.
The absorption of sulphuric acid was found to be consistent for
each type of laminate. This was calculated to be approximately
3 —1 —2 —31.9 cm day cm xlO until stage two damage thereafter
3 —1 —2 —3rising slowly to 4.6 cm day cm xlO as the severity of the
cracking increased. (Similar experiments using different
environments are reported and contrasted in section 3.4.2).
3.4.1.1 Spectroscopic analysis of the solutions 
remaining in the face-cells
The solutions remaining in the face-cells after testing were 
analysed using visible-ultra violet spectroscopy and compared 
qualitatively with a standard solution of the acid. A
quantitative analysis was performed on one of the solutions 
using atomic mass spectroscopy.
The spectra of the environments after two months in contact
with the five types of laminates were virtually identical. A 
* Brackets indicate the type of fibre or coating
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typical spectrum is given in Figure 3.40a and shows a peak at 
300nm which was absent in the control given in Figure 3.40b.
The spectra of solutions exposed individually to epoxy resin 
(Fig. 3.41a) and glass fibres (Fig. 3.41b) indicate that the 
peak was due to corrosion products dissolving out from the 
fibres. Atomic mass spectroscopy identified these as being 
mainly aluminium and calcium along with smaller quantities of 
other elements which included iron and strontium (refer to 
Table 3.13).
3.4.1.2 Microprobe analysis of corroded epoxy coupons
The corroded coupons were sectioned and examined under a 
scanning electron microscope with an EDAX facility. Microprobe 
analyses were carried out on various regions along the 
transverse/longitudinal ply interface and on deposits collected 
from the coupon surface, both above and below the level of the 
environmental cell.
The micrograph in Figure 3.42 is typical of corroded fibres at 
the longitudinal/transverse ply interface, close to a 
transverse crack, in a type E laminate coupon. The fibre 
circled exhibits a flaked surface structure and the EDAX 
spectra presented in Figure 3.43 indicate the presence of 
calcium sulphate at the surface. An analysis taken at the 
fibre fracture arrowed in Figure 3.42 is given in Figure 3.44 
and shows the presence of iron and magnesium. Semi-circular 
striations were observed on some fibres situated in the path of
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developing cracks and an example is seen to the left of the 
arrowed fibre (Fig 3.42). The crystalline debris shown in 
Figure 3.45 was widespread throughout the coupon and consisted 
almost entirely of calcium sulphate (see analysis Fig. 3.46).
There was very little variation in the appearance of corroded
coupons containing the different types of fibre. Figure 3.47
♦
shows a fibre from a type ES coupon (starch) partially embedded 
in resin and covered with calcium sulphate crystals. A section 
from a type EC (carbon) coupon is presented in Figure 3.48 and 
shows a badly damaged carbon ply. This suggests that the 
fibres were subjected to a corrosion initiated failure. The 
amount of debris observed in the carbon transverse ply was 
considerably less than the large quantities found in coupons 
containing glass interior plies. After comparatively shorter 
exposures to the environment (10 days) the carbon fibres were 
observed to have completely debonded from the resin (Fig. 
3.49). Figure 3.50 shows an area of resin at the carbon/glass 
ply interface which was extensively cracked and speckled with 
calcium sulphate.
The analyses of surface deposits collected from the four types
of epoxy laminate coupon were virtually identical and Figure
3.51 illustrates a typical surface section after direct contact
with sulphuric acid for 2 months. The microprobe analysis
presented in Figure 3.52a showed that both calcium and
aluminium had been completely removed from the fibres. The
crystalline deposits in this region consisted exclusively of
calcium sulphate as confirmed in Figure 3.52b. Samples taken 
* Brackets indicate the type of fibre or coating
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from the edge of the coupons 10mm above the level of the acid, 
however, were found to still contain some calcium (Fig. 3.53a) 
and the crystalline deposits were mostly aluminium sulphate 
(Fig. 3.53b).
3.4.1.3 Microprobe analysis of corroded polyester coupons
The fibres contained in the corroded polyester/glass coupons 
appeared to be mostly undamaged, however, there were particles 
of calcium sulphate on some of the fibres which had been above 
the level of the environmental cell and fibre/matrix debonding 
was widespread. These phenomena are illustrated in the 
micrograph presented in Figure 3.54.
3.4.2 The Effect of Different Environments on the 
Corrosion of Epoxy/Glass Laminates
Coupons were cut from type E CO,90,0] epoxy/glass laminates and 
exposed to a range of solutions selected on the basis that 
their calcium salts have varying degrees of insolubility. The 
environments chosen were 0.5M concentrations of orthophosphoric 
acid, hydrofluoric acid, sodium bisulphate and sodium 
hydroxide. The coupons were post-cured at 150“C and corrosion 
tested as described in section 2.3.6. The rates of crack 
propagation and environmental absorption were recorded.
The times to stage one (initial) and stage three (rapid 
propagation) damage of the E-type laminate coupons, as defined 
in section 3.4.1, exposed to different environments are
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presented in Table 3.14. These results show that the coupons 
were rapidly damaged severely by aqueous sodium hydroxide. The 
acidic environments on the other hand, initiated damage over 
longer time periods regardless of acidity although propagation 
rates were different. Dilute sodium bisulphate and sulphuric 
acid had similar times to the initiation of stage one damage, 
stage three, however, was markedly delayed in the case of the 
former environment.
Figure 3.55 presents photographs of the latter stages of 
corrosive attack on the coupons exposed to the various 
environments. Corrosion cracking by dilute hydrofluoric acid 
was limited to a narrow band immediately above the 
environmental cell. A large amount of debris formed on the 
surfaces of the coupons exposed to sodium bisulphate.
The rates of environmental absorption by the laminates are 
presented in Table 3.15 and Figure 3.56 presents typical plots 
of the absorption rates versus time. For all the environments 
used this was found to increase as the cracks propagated and 
decreased once cracking had completed.
3.4.2.1 Spectroscopic analysis of the solutions 
remaining in the face-cells
The visible-ultra violet spectra for the solutions remaining in 
the face-cells after corrosion testing are given in Figures 
3.57-3.60. A strong absorption is seen at 300nm in the sodium 
bisulphate solution very similar to that observed for sulphuric
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acid (Fig. 3.40). The spectra of the other solutions all show 
differences with the control after exposure to the laminate 
coupons with the exception of sodium hydroxide which remained 
virtually unchanged.
3.4.2.2 Microprobe analysis of corroded coupons 
S o d i u m  b i s u lphate
The examination of sections from the transverse/longitudinal 
ply interface of coupons exposed to sodium bisulphate revealed 
two different types of fibre damage. Above the level of the 
acid blisters formed on the fibres (Fig. 3.61a) whilst fibres 
from below the environment had developed flaking surface layers 
(Fig. 3.61b). Microprobe analysis of a blister showed that the 
skin contained a compound of sulphur when compared with an 
adjacent unblistered region (see Fig. 3.62). A fluid was 
observed to seep out from the blisters which dried up under the 
electron beam. The EDAX spectrum given in Figure 3.63 shows 
that the white needle—like structures circled in Figure 3.61a 
consisted of calcium and sulphur. The 0“ fibre failures shown 
in Figure 3.61b bear a remarkable resemblance to those seen in 
coupons exposed to sulphuric acid (see Fig. 3.42) especially 
with respect to the semi-circular striations propagating 
outwards from the fractures. The spectrum given in Figure 3.64 
shows that these regions were depleted in aluminium but had an 
increased level of calcium and a trace of chromium.
A section taken from a coupon which had only just begun to 
exhibit stage one damage revealed that the formation of calcium
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sulphate was limited to the immediate vicinity of a newly 
formed transverse crack (area circled in Fig, 3.65). Exam­
ination of adjacent uncracked regions (Fig. 3.66) showed that 
the fibres had already debonded.
The microprobe analysis given in Figure 3.67 is of the profuse 
quantities of deposit which formed on the surface of these 
coupons (illustrated previously in Fig. 3.55) and shows that 
these contained mostly sodium and sulphur.
O r t h o p h o s p h o r i c  a c i d
A typical section of coupon corroded by dilute orthophosphoric 
acid is presented in Figure 3.68. Very little debris was found 
near the fracture areas and a closer examination of the 
fibre/matrix interface, given in Figure 3.69, showed this to be 
intact. The small quantities of debris that had collected was 
mainly concentrated inside resin cleavages. An example of such 
a deposit is shown in Figure 3.70 and the EDAX spectrum (Fig. 
3.71) confirmed that this was mostly calcium and phosphorous. 
The chlorine peak was often found associated with the resin 
phase and most probably results from the epichlorohydrin which 
is used in the manufacture of the epoxy.
A large quantity of blisters were present on the fibre surfaces 
(see Fig. 3.72) and fluid was observed bubbling out from the 
blisters and the regions between the fibres. The microprobe 
analyses of a blister and an adjacent location on the fibre 
surface given in Figure 3.73 indicate the presence of a calcium 
rich skin on the blister which contained a small quantity of
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iron. Suprisingly little phosphorous was detected but the 
spectrum given in Figure 3.74 shows that this was present in 
greater quantities in the blister fluid.
Very few fibre failures were detected in these coupons and the 
cracking appeared to be limited mainly to the resin. Figure 
3.75 shows a transverse crack (vertical) intersecting the 
longitudinal fibres (arrowed), the resin is seen to have 
cracked but the fibres have remained unbroken.
The deposits collected from the unexposed edge of the coupons 
were found to contain a high concentration of phosphorous (see 
analysis in Fig. 3.76).
H y d r o f l u o r i c  aci d
A typical section of a coupon corroded by hydrofluoric acid is 
presented in Figure 3.77. The transverse/longitudinal ply 
interface was littered with fractured fibres and other debris. 
The failed fibre, shown in Figure 3.78 (analysed using a 
windowless microprobe) was found to contain oxygen in the 
surface (Fig. 3.79a) and the debris arrowed contained a wide 
variety of elements including traces of titanium, sodium, 
sulphur, and oxygen (Fig. 3.79b). Fluorine was detected only 
in very small quantities in the larger deposits. One such 
deposit is presented in Figure 3.80 and the EDAX spectrum given 
in Figure 3.81 indicated that a large proportion of the debris 
present throughout the cracked area of the coupon was silica.
Figure 3.55 previously showed that the visible damage in these
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coupons was restricted to cracking of the region immediately 
above the environmental cell. Although no debris was observed 
in the visibly unaffected areas, the fibre/matrix debonding 
illustrated in Figure 3.82 was found to be widespread 
throughout the whole coupon.
The surface of fibres exposed directly to the environment were 
devoid of silicon (see Fig. 3.83) and comprised mainly of 
calcium and aluminium with some fluorine and oxygen. An 
analysis of deposits collected from the unexposed surface of 
the coupons is given in Figure 3.84 and reveals the presence of 
transported calcium and aluminium as well as a trace of sodium 
and magnesium.
Sod!urn h y d r o x i de
A typical section of transverse ply damage in coupons exposed 
to dilute sodium hydroxide is presented in Figure 3.85. The 
fibres were found to be covered in a thick scale. Microprobe 
analyses were taken at the two regions circled, one in thick 
scale (Fig. 3.86) and the other in thin scale (Fig. 3.87), and 
clearly show the removal of calcium and an increase in the 
oxygen content of the thicker scale. The shattered fibres 
presented in Figure 3.88 were found widespread throughout the 
coupon and their EDAX spectra suggested that they were of the 
sanfô composition as the thicker fibre scale given in Figure 
3.86 (depleated calcium with a high oxygen content). The 
debris which formed at the transverse/longitudinal ply 
interface is illustrated in Figure 3.89 and is shown to be 
composed almost entirely of sodium and oxygen (see Fig. 3.90).
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The fibres directly exposed to the alkaline environment were 
analysed and found to be identical in composition with those 
from the laminate interior (Fig. 3.86). The corrosion deposits 
which had formed on the surface consisted of sodium and oxygen 
and were presumed to be sodium hydroxide.
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3,5 THE EFFECT OF THE ENVIRONMENT ON THE DYNAMIC
MECHANICAL PROPERTIES OF EPOXY RESIN
The dynamic mechanical response of Epikote 828 epoxy resin was 
investigated to ascertain whether environmental degradation of 
the matrix was contributing to the environmental corrosion 
cracking reported previously (sections 3.2.3 and 3.4). Since 
the resin was a multi-component system, the effect of an excess 
of each constituent was examined.
3.5.1 The Effect of Resin Formulation
3.5.1.1 Curing
Five epoxy resin coupons were cast in lubricated metal moulds 
each measuring 300mm long by 10mm wide and 3mm deep. The NMA 
and BDMA content was varied for each casting according to Table 
3.16. 4.5mm long coupons were cut and analysed using the DMTA
as described in section 2.3.3 after post-curing at 100 and 
150“C.
The results for the five resin formulations are included in 
Table 3. 17 and the relaxation spectra are presented in part a) 
of Figures 3.91—3.95. The primary tan S peak significantly 
lowered and shifted to the right as the post—cure temperature 
increased. A reduction in damping indicates a loss of chain 
mobility and can therefore be directly related to the amount of 
cross-linking present. In resin RD-2, which was formulated 
according to the manufacturers recommendation, the highest
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glass transition temperature and the most symmetrical peaks 
were obtained. The peaks broadened with an excess of NMA or a 
deficiency in BDMA (RD-1, RD—5) and narrowed with excess BDMA 
or insufficient NMA (RD-6, RD—4 respectively). In all of the 
resins tested a small g-relaxation occurred at around 65“C.
3.5.1.2 Immersion in dilute sulphuric acid
Coupons were cut from each of the five resin systems and were 
analysed in the DMTA after immersion in dilute sulphuric acid 
for either 6 or 20 hours (treatments T1 and T2, Table 3.18).
The results for the DMTA analysis are included in Table 3. 17 
and the relaxation spectra presented in part b) of Figures 3.91 
-3.95. Although the immersion times chosen were greater than 
those observed to cause the initiation of environmental cracks 
in section 3.2.2, only minor changes in the damping response 
were detected. The most significant change was the development 
of slight assymmetry in the tan 6 peaks of RD-5 coupons which 
contained an excess of NMA (see Fig. 3.94b).
3.5.1.3 Stress corrosion in dilute sulphuric acid
Coupons from the standard resin formulation (RD-2) were clamped 
in a creep test rig and analysed after being either stressed or 
stress-corroded for 24 hours (treatments T3 and T4, Table
3.18). The acid was introduced after sealing an environmental 
cell around the central portion of the coupon as described in 
section 2.3.5.
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The results for this experiment are recorded in Table 3.17 and 
the relaxation spectra included in Figure 3.92b. A shift to a 
higher temperature primary peak accompanied by the dis­
appearance of the secondary tan 6 peak was observed. This 
is suggested to be a result of the stress rather than acid 
attack since the curves for both treatments T3 and T4 were 
identical.
3.5.2 The Effect of Dilute Sulphuric Acid on Resin 
Constrained Within a Laminate
The results from the previous section failed to show any 
significant effect of dilute sulphuric acid on Epikote 828 
resin coupons. Therefore a CO,90,0] epoxy/glass laminate (LD-2) 
was fabricated using the standard resin formulation (RD-2) as a 
matrix material to investigate whether the constraint 
introduced by the reinforcement would have any influence on the 
resin corrosion properties.
The coupons were analysed in the DMTA after post-curing at 100 
and 150*C. The relaxation spectra, shown in Figure 3.96, were 
very similar to those obtained from the resin coupons. There 
was, however, a significant reduction in the amount of damping 
(see Table 3.19) which was due to the stiffening influence of 
the fibres.
The results for the DMTA analysis on the LD-2 coupons after 
immerson in 0.5M sulphuric acid for 6 and 20 hours are included 
in Table 3. 19 and a typical relaxation spectrum shown in Figure
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3.96, (The spectrum for treatment T1 is not plotted separately 
since this was identical to that of T2) . These revealed that 
there was no change in the coupon dynamic mechanical properties 
after the two acid immersion treatments.
The relaxation spectra obtained from laminate coupons exposed 
to stress and stress corrosion treatments (T3 and T4, Table
3.18) exhibited a slight shift to a lower temperature peak and 
an increase in the peak height (see Fig. 3.95b).
3.5.3 The Effect of Dilute Sodium Hydroxide on 
Epikote 828 Resin
In an attempt to explain the rapid degradation of laminate 
coupons exposed to aqueous sodium hydroxide seen in section 
3.4.2, four further resin coupons from formulation RD-2 were 
cast. These were post-cured at 100 and 150 “C and then 
analysed in the DMTA both before and after a 40 hour immersion 
in 0.5M sodium hydroxide. No change in the dynamic mechanical 
properties of the coupons were observed after immersion and the 
environment was concluded to have no significant effect on the 
resin properties over the time period assessed.
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3.6 STRESS CORROSION OF SINGLE FIBRES
The single fibre stress corrosion apparatus used by Rock [16] 
was extensively modified and improved to allow a greater number 
of fibres to be monitored simultaneously. Details of the 
construction of this apparatus and the design of the associated 
software are given in Appendix 1.
3.6.1 Single Fibre Stress Corrosion in Dilute Sulphuric Acid
3.6.1.1 Influence of the illumination
The preliminary single fibre test results indicated that there 
was a tendency for the fibres to fail more rapidly in the 
sulphuric acid solution during daylight. Thus, a second, light 
proof, stress corrosion tank was constructed and a series of 
tests carried out on silane coupled glass fibres (Silenka 084). 
An initial strain of 0.4% was applied and the fibres exposed to 
a variety of lighting conditions including daylight, blackout, 
ultra-violet, fluorescent and infra-red. These tests (with the 
exception of daylight) were carried out at varying times of the 
day and night to remove any bias introduced by human activity 
in the building. The failure times were recorded and the 
effect of the illumination assessed.
The results are given in Tables 3.20 and clearly show that the 
fibres failed faster in daylight. As a consequence of this 
result subsequent single fibre tests were commenced at randomly 
distributed time intervals during the day and night.
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3.6,1.2 The stress corrosion of differently 
coated glass fibres
Three types of glass fibre (silane, starch and rubber coated) 
were subjected to stress corrosion at 0.4% strain in 0.5M 
sulphuric acid. The times to failure are summarised in Table 
3.21 in which the characteristic failure times are taken from 
the mean of the population to the maximum failure time 
recorded. This is in order to remove the effect of a possible 
bias introduced by particularly weak fibres which would fail 
after similar time periods regardless of the test environment.
The results indicate that the starch sized fibres are more 
resistant to stress corrosion than the other fibres tested with 
failure times in the region of 55 - 215 xlO^ seconds.
3.6.2 Single Fibre Stress Corrosion in Different Environments
Further stress corrosion studies were performed on the silane 
coupled glass fibres in 0.5M solutions of sulphuric acid, 
orthophosphoric acid, hydrofluoric acid, sodium bisulphate and 
sodium hydroxide. The fibres were subjected to a variety of 
initial applied strains to investigate the influence of this 
parameter on the times to failure.
The characteristic fibre failure times under varying applied 
strain are summarised in Table 3.22. In all the environments 
used an increase in the applied strain produced a corresponding 
reduction in fibre stress corrosion resistance. Hydrofluoric
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acid attacked the fibres extremely rapidly, the recognised 
mechanism being dissolution of the silica network. Ortho­
phosphoric acid was found to produce few fibre failures and 
after two months of immersion 90% remained unbroken. Re­
measurement of the diameters of tested fibres (Table 3.23) 
revealed that these were not significantly reduced. Sodium 
hydroxide caused fibres to fail after 4 days whilst in both 
sodium bisulphate and sulphuric acid this took less than 1 day.
3.6.2.1 Statistical analysis of failure data
The failure times of the fibres were scattered over a wide 
range in time as expected. This is primarily a function of the 
statistical distribution of the inherent flaw size. As a 
result, the data has been analysed by Weibull statistics [163] 
3-nd fitted to an equation of the form;
p(Ft> = l-exp<-t/t^>”      (3 .3 )
where p(Ft) = Probability of failure at time t 
= Characteristic failure time 
w = Weibull parameter
The characteristic failure time is the time which corresponds 
to 0 on the L n L n d / (1—pF)) axis. The nature of single fibre 
testing renders this value as rather meaningless. The Weibull 
P^^^^®ter, some—times called the shape parameter or Weibull 
modulus, indicates the shape of the distribution to which the 
data has been fitted. The relevant data for all the types of
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fibre and environment investigated are included with the 
characteristic failure times in Table 3.22. The distributions 
are plotted in Figures 3.97-3.101 and discussed in section 4.2.
3.6.2.2 Microprobe analysis of failed fibres
S u l p h u r i c  a c i d
Figure 3,102 shows the fracture surface of a glass fibre 
exposed to 0.5M sulphuric acid, where the EDAX line scans for 
calcium and aluminium have been superimposed across the central 
portion. A core-sheath structure was clearly visible and the 
analyses show that the concentration of both calcium and 
aluminium in the surface of the fibre had decreased. The sheath 
was =1.5pm thick after 8 hours immersion.
S o d i u m  b i s u lphate
Similar results were obtained with 0.5M sodium bisulphate 
solution. The EDAX spectrum of degradation products which 
formed on the surface of the glass fibres is given in Figure 
3.103 and clearly shows that calcium sulphate had formed. The 
aluminium content was very low and was assumed to have 
dissolved into the acidic environment as aluminium sulphate.
O r t h o p h o s p h o r i c  a c i d
Although there was little evidence of an attack on the fibres 
exposed to 0.5X orthophosphoric acid, microprobe analysis at 
the extreme surface of the few failed fibres revealed a 
depletion in the levels of calcium and aluminium and the 
incorporation of a phosphorus containing specie (Fig. 3.104).
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H y d r o f l u o r i c  a c i d
SEN analysis of the fracture surface of fibres exposed to 0.5M 
hydrofluoric acid revealed a pronounced core sheath structure. 
The sheath had become detached after fibre failure, in the form 
of a porous tube and the remaining central portion of a fibre 
is illustrated in Figure 3.105. After immersion for only 800 
seconds the fibre diameter was seen to be reduced by about 30%. 
A windowless microprobe analysis of a detached sheath (Fig. 
3.106) showed that it was devoid of silicon and contained only 
calcium, aluminium and fluorine.
S o d i u m  h y d r o x i d e
0.5M sodium hydroxide was seen to attack far slower than 
sulphuric acid. Figure 3.107 presents a fractured fibre after 
90 hours immersion, the diameter of which had been reduced by 
approximately 15%. EDAX spectra of a fibre and deposit are 
given in Figures 3.108 and 3.109 respectively. A large 
concentration of sodium hydroxide was found in the deposit as 
well as a relatively high aluminium content when compared with 
the amount present in the fibres.
TABLE 3.1 
DIMENSION OF TENSILE COUPONS
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LAMINATE COUPON THICKNESS WIDTH GLASS VOLUME 
FRACTION
29/11 1 2.52 24. 99 0.50
29/11 2 2.54 25. 11 0. 50
29/11 3 2.54 25. 11 0.50
29/11 4 2. 42 25. 10 0.53
29/11 5 2. 49 24. 50 0.51
29/11 6 2.46 25. 13 0.52
2/12' 7 2.51 24. 84 0.51
2/12' 8 2.60 24.83 0. 49
2/12' 9 2.52 24.83 0.51
2/12' 10 2.41 25. 01 0.53
2/12' 11 2.48 24.81 0.51
2/12" 12 2.54 24.94 0.50
2/12" 13 2. 48 24.99 0.51
2/12" 14 2.51 25. 10 0.51
2/12" 15 2.56 25.10 0.50
2/12" 16 2.51 25. 00 0.51
2/12" 17 2.45 25. 00 0.52
2/12" 18 2.56 25. 03 0.50
2/12" 19 2.39 25. 01 0.53
3/12 20 2. 64 24. 88 0.48
3/12 21 2. 62 25. 00 0. 49
3/12 22 2. 65 24. 90 0. 48
6/12 23 2. 53 25. 14 0.50
6/12 24 2.53 25. 08 0.50
6/12 25 2.53 25. 03 0.51
6/12 26 2. 42 25. 18 0.52
6/12 27 2.50 24.96 0.51
2/12' 28 2.50 24.84 0.51
3/12 29 2.68 24. 90 0.48
13/12 30 2.56 24.93 0.50
MEAN/sd ■ ---- 2.52/0.07 25.00/0.14 0. 51/0.01
TABLE 3.2
TENSILE PROPERTIES OF TYPE E COUPONS
SAMPLE
TRANSVERSE FIRST 
CRACKING STRAIN 
%
TRANSVERSE FIRST 
CRACKING STRESS 
MPa
AVERAGE CRACK 
SPACING
1 0. 23 42.80 2. 13
2 0. 22 40. 80 1. 64
3 0. 24 45.80 1. 96
4 0.22 46.17 1. 82
5 0.23 48. 15 2. 08
6 0. 23 48. 67 2. 08
7 0.26 55.41 2. 32
8 0.26 56. 64 2. 63
9 0. 24 51.64, 2.38
10 0.23 51.43 1. 92
11 0.22 46. 10 2.38
12 0. 20 43. 28 2. 04
13 0. 20 41.92 2. 12
14 0.21 45. 13 2. 22
15 0. 20 40. 69 2. 08
16 0. 21 44. 17 1. 81
17 0.23 49. 08 2. 17
18 0. 20 40. 28 2.22
19 0. 19 42. 22 1.81
20 0. 24 47.51 2.32
21 0.23 45.82 2.38
22 0. 23 46. 90 2. 17
23 0. 18 38. 33 2. 17
24 0.20 43.53 2. 17
25 0.22 48. 74 2. 12
26 0.21 45. 55 2. 12
27 0.20 42.31 2. 00
28 0.21 45. 12 2.38
29 0.21 40. 20 2.22
30 0.28 57. 03 2.38
MEAN/sd 0.22/0.02 46.35/4.74 2.14/0.21
TABLE .3 ..3
DYNAMIC MECHANICAL PROPERTIES OF TYPE E COUPONS
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TABLE 3.4 
PHYSICAL PROPERTIES OF LAMINATES
LAMINATE
TAN 6 PEAK
TEMPERATURE
•c
HEIGHT AREA*
29/11 139 0.35 3400
2/12' 137 0. 32 3300
2/12" 137 0.37 3200
3/12 138 0.34 3300
6/12 139 0. 32 3500
13/12 137 0.34 3100
MEAN/sd 138/1 0.34/0.02 3300/150
LAMINATE
TYPE
b d FIBRE VOLUME 
FRACTION
Epoxy
E (Silane)* 0.60 0.63 0. 52
ER (Rubber) 0.52 0.54 0. 60
ES (Starch)j 
EC (Carbon)
0. 70 0. 76 0. 42
0. 61 0.69 0.52/0.48
Polyester
P (Silane) 0. 68 0.72 0.45
I Are** given correspond to ten * « 1 : 200m# and lO'C * 20mm
t Bracket* indicate the type of coating or fibre 
tt Tran*vcr*e ply only
TABLE 3.5
LAMINATE TENSILE PROPERTIES
LAMINATE
TYPE
POST-CURE
*C
TENSILE
MODULUS
GPa
TRANSVERSE FIRST 
CRACKING STRAIN 
%
POISSON
RATIO
E 100 25. 2 0. 33 0. 14
125 24. 2 0.28 0. 12
150 23. 6 0. 18 0. 14
ER 100 25. 6 0.25 0. 14
125 26. 5 0.22 0. 14
150 25.6 0. 19 0. 13
ES 100 20. 7 0.25 0. 14
125 20. 1 0. 18 0. 14
150 20. 9 0. 17 0. 14
EC 100 21.4 0.30 0. 05
125 20. 1 0. 21 0. 05
150 20. 4 0.20 0. 05
P 50 21.7 0. 15 0. 15
TABLE 3.6
DYNAMIC MECHANICAL PROPERTIES OF LAMINATES
LAMINATE
TYPE
POST-CURE
•c
TAN 6 PEAK
TEMPERATURE
•c
HEIGHT AREA*
mnP
E 100 117 6. 60 4200
125 133 5. 62 3400
150 141 5. 35 3000
ER 100 120 5. 75 3800
125 135 4.85 3000
150 145 5. 20 3000
ES 100 115 7. 45 4500
125 134 6.50 3800
150 141 6. 05 3600
EC 100 118 7. 80 5500
125 136 6. 45 4000
150 145 6. 00 3400
P 50 88 4. 00 5700
* Area* given correspond to tan * « 1 : 200mm and 10'C « 20mm
TABLE 3.7
TENSILE TESTING OF TYPE D COUPONS
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SAMPLE POST-CURE
"C
TRANSVERSE FIRST 
CRACKING STRAIN 
%
TRANSVERSE FIRST 
CRACKING STRESS 
MPa
CRACK
SPACING
D-2 100 0. 64 134.2 2. 70
125 0. 61 137. 4 2.63
150 0. 57 124. 7 2.56
D-3 100 0. 63 133. 3 2. 94
125 0. 57 126.2 2. 77
150 0. 59 122. 3 2. 50
TABLE 3.8
SPEARMAN RANK CORRELATION TEST 
CONTINGENCY TABLE FOR D-2 COUPONS
TOV
NUMBER
RANK OF TOW FAILURE . d
rl r2 r3* <rl-r2) (rl-r3) <r2-r3>
2 39.5 26. 5 20. 5 13. 0 19. 0 6. 0
3 32.5 29. 5 45. 5 3. 0 13. 0 16. 0
4 9. 0 21. 0 11.5 12. 0 25. 0 10. 0
5 45. 0 40. 0 31.5 5. 0 13.5 8.5
6 22. 0 21. 0 45.5 1. 0 23.5 24.5
7 25 . 5 26.5 20. 5 1.0 5. 0 6. 0
8 45. 0 45. 5 35. 0 0. 5 10. 0 10. 5
9 16. 0 4. 0 8. 0 12. 0 8. 0 4. 0
10 6.5 33. 5 28. 0 27. 0 21.5 5.5
11 45. 0 21. 0 2.5 24.0 42. 5 18.5
12 16. 0 45.5 45. 5 29.5 29.5 0. 0
13 45. 0 7. 5 28. 0 37.5 17. 0 20.5
14 25. 5 26.5 16. 0 1. 0 9. 5 10.5
15 32.5 38. 0 45.5 5.5 13. 0 7.5
16 39. 5 45. 5 16. 0 6. 0 23.5 29. 5
17 11.5 29. 5 2.5 18. 0 9. 0 27. 0
18 16. 0 12.5 31.5 3.5 15. 5 19. 0
19 37. 0 45. 5 39.5 8.5 2.5 6. 0
20 22. 0 26.5 11.5 4.5 10. 5 15. 0
21 1. 0 7.5 1.0 6.5 0. 0 6.5
22 9. 0 21. 0 5. 0 12. 0 4. 0 16. 0
23 45. 0 35. 0 45.5 10. 0 0.5 10.5
24 16. 0 12.5 24. 5 3. 5 8.5 12. 0
25 22. 5 38. 0 35. 0 10. 5 7.5 3. 0
26 6.5 1.5 11.5 5. 0 5. 0 10. 0
27 45. 0 45. 5 45.5 0.5 0.5 0. 0
28 11.5 16.5 45. 5 5. 0 34. 0 29. 0
29 32. 5 7. 5 16. 0 25. 0 16.5 8.5
30 2. 0 21. 0 24.5 19. 0 22.5 3.5
31 45. 0 45.5 37. 0 0. 5 8. 0 8. 5
32 20. 0 7.5 5. 0 12.5 15. 0 2.5
33 9. 0 12.5 20.5 3.5 11.5 8. 0
34 37. 0 45. 5 31.5 8.5 5. 5 14. 0
35 16. 0 38. 0 16. 0 22. 0 0. 0 22. 0
36 37. 0 16.5 45. 5 20. 5 8.5 29. 0
37 30. 0 21. 0 31.5 9. 0 1.5 10.5
38 4. 0 4. 0 8. 0 0. 0 4. 0 4. 0
39 30. 0 45.5 39.5 15.5 9. 5 6. 0
40 45. 0 31.5 16. 0 13. 5 29. 0 15.5
41 4. 0 12.5 28. 0 8.5 24. 0 15.5
42 30. 0 33. 5 38. 0 3.5 8. 0 4.5
43 35. 0 12.5 24.5 22.5 10.5 12. 0
44 20. 0 36. 0 11.5 16. 0 8.5 24.5
45 16. 0 21. 0 20.5 5. 0 4.5 0.5
46 20. 0 45.5 35. 0 25.5 15. 0 10. 5
47 27.5 12.5 45.5 15. 0 18. 0 33, 0
48 4. 0 31.5 5. 0 27.5 1.0 26.5
49 32. 5 1.5 8. 0 31. 0 24.5 6.5
50 45. 0 4.0 45.5 41. 0 0.5 41.5
51 16. 0 45.5 24.5 29.5 8.5 21. 0
I  r l ,r 2 ,r3  refer to coupon! post-cured at 100, 125 and 150'C respectively
TABLE 3.9
SPEARMAN RANK CORRELATION TEST 
CONTINGENCY TABLE FOR D-3 COUPONS
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TOV
NUMBER
RANK OF TOV FA ILURE , d
rl r2 r3 (rl-r2) (rl-r3) <r2-r3)
1 13. 0 4.5 3. 0 8.5 10. 0 1. 52 25. 5 9. 0 6.5 16. 5 19. 0 2. 53 20. 0 25. 0 10. 0 5. 0 10. 0 15. 04 20. 0 19. 5 8.5 0.5 11.5 11.05 20. 0 14. 5 25. 0 5.5 5. 0 10. 56 16. 5 19. 5 11.5 3. 0 5. 0 8. 07 8. 0 14. 5 1.5 6.5 6.5 13. 08 25. 5 32. 5 33. 0 7. 0 7.5 0. 59 1.5 19.5 19. 0 18. 0 17. 5 0. 510 13. 0 23. 0 19. 0 10. 0 6. 0 4. 011 20. 0 23. 0 19. 0 3. 0 1.0 4. 012 20. 0 29. 5 25. 0 9.5 5. 0 4.513 8. 0 14. 5 8.5 6.5 0.5 6. 014 29.5 27. 0 27.5 2.5 2. 0 0. 515 15. 0 14. 5 6. 5 13. 0 8. 5 8. 016 13. 0 6.5 19. 0 6. 5 6. 0 12. 517 8. 0 11. 0 4.5 3. 0 3.5 6.518 31. 0 32. 5 30. 5 1.5 0.5 2. 019 29.5 31. 0 30.5 1.5 1. 0 0. 520 25. 5 27. 0 30.5 1.5 5. 0 4. 521 28. 0 23. 0 25. 0 5. 0 3. 0 2. 022 8. 0 6. 5 19. 0 1.5 11. 0 12. 523 33. 0 29.5 19. 0 3.5 14. 0 10. 524 22.5 19. 5 19. 0 3. 0 3.5 0. 525 3.5 2.5 19. 0 1. 0 15.5 16. 526 32. 0 14. 5 13. 5 17.5 18. 5 1. 027 16. 5 4.5 11.5 12. 5 5. 0 7. 028 25. 5 9. 0 30.5 16. 5 5. 0 21.529 8. 0 1. 0 4.5 7. 0 3.5 3. 530 8. 0 2.5 1.5 5.5 6. 5 1. 031 3.5 14. 5 19. 0 11. 0 15. 5 4.532 22. 5 27. 0 27.5 4.5 5. 0 0. 533 8. 0 9. 0 13.5 1. 0 5. 5 4.5
t n,r2,r3 refer to coupons post-cured at 100,125 and 150'C respectively
TABLE 3.IQ TABLE 3.n
RESULTS OF SPEARMAN RANK CORRELATION TEST
COUPON PAIR* R n z P
D-2 rl, r2 0. 335 50 2.35 0.0094
rl, r3 0. 428 50 3. 00 0.0013
r2. r3 0.359 50 2.52 0.0059
D-3 rl. r2 0. 622 33 3. 52 0.0002
rl, r3 0.543 33 3. 07 0.0011
r2. r3 0. 629 33 3.58 0.0002
STRESS CORROSION OF TYPE D COUPONS
t rl.r2,r2 refer to coupons post-cured at 100,125 and 150'C respectively
COUPON POST-CURE
*C
TIME TO FIRST 
CRACKING 
Days
TIME TO 
FAILURE 
Days
D-2 100 17 27
125 19 33
150 28 46
D-3 100 UNDAMAGED __
125 UNDAMAGED _
150 UNDAMAGED —
TABLE 3 .  12
LAMINATE CORROSION TESTING 
IN 0.5M SULPHURIC ACID
TIME TO TIME TO
COUPON STAGE I STAGE III
TYPE DAMAGE^ DAMAGE 
s XlO®s XlO
Epoxy
E (Silane) 0.75 ± 0.51 1.27 ± 0.62
ES (Starch) 0.77 ± 0.45 1. 03 ± 0. 45
ER (Rubber)^. 
EC (Carbon)
0.20 ± 0.15 0.86 ± 0.30
0.20 ± 0.13 0.26 ± 0.17
Polyester
P (Silane) 1.70 ± 0.63 --
TABLE 3. ir;
ANALYSIS OF SULPHURIC ACID AFTER 2 MONTHS 
IN CONTACT WITH LAMINATE COUPONS
ELEMENT MASS CONC (ppm) ERROR (ppm)
A1 27 427.6 0. 269Ca 44 593.3 2. 045Fe 56 8. 733 0. 084
Rb 85 0. 133 0. 004
Sr 88 8. 104 0. 022
La 139 0. 050 0. 002
Ce 140 0. 146 0. 003
I *  Transverse ply only
TABLE 3.14
RESULTS FOR LAMINATE CORROSION TESTING 
IN VARIOUS ENVIRONMENTS
ENVIRONMENT
TIME TO 
STAGE I 
DAMAGE, 
s  X l O ®
TIME TO 
STAGE III 
DAMAGE - 
s  X l O ®
SULPHURIC ACID 
SODIUM B ISULPHATE 
ORTHOPHOSPHORIC ACID 
HYDROFLUORIC ACID 
SODIUM HYDROXIDE
0 . 7 5  ±  0 . 5 1  
1 . 3 5  ±  0 . 6 2  
1 . 0 2  ±  0 . 6 2  
0 . 7 3  ±  0 . 1 2  
<0. 09
1 . 2 7  ±  0 . 6 2  
2 . 4 9  ±  0. 9 0  
1 . 6 2  ±  0 . 7 0
0 . 0 9  ±  0 . 0 2
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T A B L E  3 . 1 5  
ENVIRONMENTAL ABSORPTION RATES
ENVIRONMENT
DIFFUSION RATE
AT STAGE I DAMAGE 
cm®day ^cm ^ xlO ®
AT STAGE III DAMAGE 
cm^day ^cm ^ xlO ^
SULPHURIC ACID 
SODIUM BISULPHATE 
ORTHOPHOSPHORIC ACID 
HYDROFLOURIC ACID 
SODIUM HYDROXIDE
1.9 ± 1.0 
4.1 ± 1.1 
1.0 ± 1.0 
5.0 ± 2.1
4.6 ± 2.3 
5.9 ± 3.5
2.6 ± 1.8 
40.4 ± 9.1 
13.3 ± 3.1
T A B L E  3 . 1 6  
RESIN FORMULATIONS
SAMPLE
PREPARATION 
<pph by volume)
RESIN NMA BDMA
RD-1 100 80 1.5
RD-2 100 80 2. 0
RD-4 100 50 1.7
RD-5 100 100 1.7
■ RD-6 100 0 5. 0
TABLE 3.17
DYNAMIC MECHANICAL PROPERTIES OF RESIN COUPONS
COUPON TREATMENT
TAN 6 PEAK
TEMPERATURE
'C
HEIGHT AREA*
mm*
RD-1 lOO'C P/C 103 0. 90 8700
150'C P/C 130 0.80 8400
ACID (Tl) 132 0. 79 8400
ACID <T2) 131 0. 81 8300
RD-2 lOO'C P/C 115 1. 10 9000
150'C P/C 136 1. 00 8400
ACID (Tl) 135 0.99 8500
ACID (T2) 136 0. 99 8100
STRESS (T3) 138 0.96 8300
S+A (T4) 139 0.96 8200
RD-4 lOO'C P/C 74 1.60 13400
150'C P/C 97 1. 20 11100
ACID (Tl) 95 1. 43 12300
ACID (T2) 94 1. 16 11500
RD-5 lOO'C P/C 104 0.81 8200
150'C P/C 124 0. 69 9000
ACID (Tl) 120 0. 76 9100
ACID (T2) 118 0. 70 8700
RD-6 lOO'C P/C 95 0. 74 5500
150'C P/C 101 0. 71 6000
ACID (Tl) 100 0.82 6300
ACID (T2) 98 0. 84 6500
t Areas given correspond to tan i = 1 = 200mm and 10'C = 20mm
TABLE 3.18
ENVIRONMENTAL TREATMENTS TO RESIN COUPONS
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TREATMENT MOLARITY OF 
HgSO^ <M)
DURATION
hours
STRAIN
%
T1 0.5 6
T2 5. 0 20 -
T3 -- 24 2
T4 0.5 24 2
TABLE 3.19
DYNAMIC MECHANICAL PROPERTIES OF 
LAMINATE TYPE LD-2 COUPONS
TREATMENT TAN S PEAK
TEMPERATURE
*C
HEIGHT AREA*
lOO'C P/C 105 0. 48 4500
150'C P/C 140 0. 34 3500
ACID (Tl) 140 0. 34 3500
ACID (T2) 139 0. 37 3500
STRESS <T3) 137 0. 39 3700
A+S (T4> 137 0.39 3700
* Areas given correspond to Ian 4 = 1 = 200«« and 10'C = 20in
TABLE 3.20
SINGLE FIBRE FAILURES IN SULPHURIC ACID AT 0.4% 
STRAIN UNDER DIFFERENT LIGHTING CONDITIONS
ILLUMINATION NUMBER
TESTED
TIMES TO FAILURE 
s xlO^
MEAN sd MAX.
Daylight 22 8. 1 7.5 29. 8
2.6 8.9 29.8
0. 5 0.8 1. 1
3.2 10. 9 19. 1
6. 0 8.3 8. 6
6.6 3.9 10.2
6. 0 0. 1 2. 4
10. 8 2. 4 19. 0
16. 9
Infra red 12 26.8 15. 2 52. 6
30. 6 17. 8 42. 0
14. 6 8. 0 2.5
52. 6 32. 9 27. 9
46. 1 21.5 25. 3
Ultra violet 14 22. 3 21.2 63. 4
2.4 16. 0 63.4
8.2 53. 0 33. 1
30. 4 7. 1 49. 8
32.0 1.3 10. 5
2.4 3.2
Fluorescent 21 25.3 30. 8 90. 1
90. 1 3. 7 67. 4
89. 1 3.6 67. 1
26.7 10. 4 7.8
64.2 0.5 4.6
20.5 11.6 0. 1
0.7 1.8 16. 3
36.8 3.8 3.6
Blackout 14 23. 0 22. 0 63.6
58.2 4.3 36.3
1. 1 49. 1 0.7
29.5 2. 0 33. 0
8. 2 28. 1 10. 0
63. 6 7. 0
TABLE 3.21 117
TIMES TO FAILURE OF SINGLE GLASS FIBRES
IN SULPHURIC ACID AT 0.4% APPLIED STRAIN
NUMBER CHARACTERISTIC FAILURE
FIBRE SIZE TESTED TIME
(s xlO )
084 Silane 156* 22.5 - 120.9
611 Starch 26 56.8 - 216.4
095 Rubber 24 10.8 - 27.0
I Includes values given in Table 3.20
TABLE 3■22
TIMES TO FAILURE OF SINGLE GLASS FIBRES 
UNDER VARIOUS ENVIRONMENTAL CONDITIONS
ENVIRONMENT
APPLIED
STRAIN
%
NUMBER
TESTED
CHARACTERISTIC 
FAILURE TIME
(s xlO^)
WEIBULL 
PARAMETER
CORR
COEFF
0.5M H SO 0. 3 98 41.4 - 252.0 0. 79 0. 98
0. 4 156* 22.5 - 120.9 0. 79 0. 99
0.5 42 4.6- 31.8 0.77 0.93
0.5M NaHSO 0.3 18 56.3 - 306.9 0. 80 0. 98
0. 4 31 37.1 - 136.4 0.77 0. 99
0.5 17 7.6 - 22.5 0.76 0. 95
0.5M HgPO^ 0. 6 8 >3550.6 0. 37 0.95
0.5M HF 0. 175 22 0.6 - 0.9 2.61 0. 95
0.250 60 0.5 - 0.7 2.82 0.81
0.325 26 0.3 - 0.5 2. 43 0. 92
0.5M NaOH 0. 4 8 388.4 - 669.6
0.5 7 162.6 - 320.6 > 1.24 0. 95
t Includes values from Table 3,20
TABLE 3.23
DIAMETER OF FIBRES EXPOSED TO 
ORTHOPHOSPHORIC ACID
DIAMETER OF DIAMETER OF TIME TO
UNFAILED FIBRES FAILED FIBRES FAILURE
<M> <>i>
(s xlCp )INITIAL FINAL INITIAL FAILED
14. 11 14.45 14.51 14.63 1.9
16. 00 15.79 15. 10 15. 08 11. 1
15. 78 15.96 18. 18 17.52 11.2
19. 15 18. 58 16. 16 16. 06 25. 4
16. 09 15.86 15.98 15.73 676. 3
16. 40 16.36 16. 44 16.44 1200.1
14. 81 14.86 15.55 15. 36 2422.9
16. 49 16.48 14.21 13. 87 2658.6
16. 19 16. 14 MEAN
13. 46 13.22 15.77 15.59
13. 33 13. 32
16. 18 16.27
13. 78 13.55
16. 33 16.66
16. 60 15.97
16. 46 16.43
MEAN
15.69 15.62
i After 2 months testing at 0,61 strain
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FIGURE 5.1
Typical stress/strain response 
of (0 ,9 0,0 ) laminate coupons
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FIGURE 3.2
Typical damping response of (0,90,0) laminate 
coupons, showing glass transition temperature
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FIGUR 200/i
Development of transverse 
cracking with increasing 
strain in (0,90,0) epoxy 
laminate. (Silane coupled 
rlass fibres)
FIGURE 5.4
200/i
Development of transverse 
cracking with increasing 
strain in (0,90,0) p/ester 
laminate. (Silane coupled 
lass fibres)
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FIGURE 3.3 200ft
Development of transverse 
cracking with increasing 
strain in (C,90,0) /epoxy 
laminates. (Rubber sized 
glass fibres)
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FIGURE 3.6 200/U
Development of transverse 
cracking with increasing 
strain in (C,90,0) epoxy 
laminates. (Starch sized 
glass fibres)
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FIGURE 3,7 200/x
Development of transverse 
cracking with increasing 
strain in (0,90,0) epoxy 
laminate with transverse 
carhon plies
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FIGURE 3.8
Damping response of (0,90,0) a) Epoxy, h) Polyester 
laminates. (Labels correspond to post-cure treatment)
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FIGURE 3«9
Damping response of (0,90,0) epoxy laminates containing 
a) Rubber sized glass, b) Starch sized glass, c) Carbon 
interior fibres, (Labels correspond to post-cure treatment)
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FIGURE 3«10
Histogram of the location o f 
the first five transverse cracks 
in a (0,90,0) epoxy laminate
31Uc
Oi
0-
I
45cJ
6
55 
50 J 
45 i  
40 1 
35 i  
30] 
2 5 Î 
20] 
15 i
10 i
5 ]
0 ]
2.5 7.5 12.5 17.5 22.5 27.5 32.5 37.5 42.5 47.5
97.5 92.5 87.5 82.5 77.5 72.5 67.5 62.5 57.5 52.5
Distance (100mm gauge Length)
FIGURE 3.11
Histogram of the location of the 
first fifteen transverse cracks 
in a (0,90,0) epoxy laminate
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FIGURE 3.12 1000 M
Optical micrographs of transverse cracks 
showing propagation through resin rich areas
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FIGURE 3.13
1000
Incident light optical micrographs of sections along 
the transverse ply of a (0,90,0) epoxy laminate coupon 
(LTC-1) giving the order in which the cracks formed
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FIGURE 3.14
Location of the first thirty transverse 
cracks in a (0,90,0) epoxy laminate 
(LTC-1) with respect to the inner ply 
thickness and fibre volume fraction
FIGURE 3*13
Transmitted light optical micrograph of a section 
from the transverse ply edge of a (0,90,0) epoxy 
laminate coupon (LTC-2) before tensile testing
500 y
A'*:''/.: V
FIGURE 5.16
Transmitted light optical micrograph of opposing 
edges of the transverse ply section presented in 
Figure 5«15 after tensile testing to 0,8% strain
500 y
FIGURE 3.17 500/11
45° cracking in the transverse ply of (0,90,0) 
epoxy laminate coupon (LTC-2) strained to 1.6%
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FIGURE 3.18
Transmitted light optical micrograph of a section 
from the transverse ply edge of a (0,90,0) epoxy 
laminate coupon (LTC-3) before (upper) and after 
(lower) immersion in 0.5M sulphuric acid for 6h
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FIGURE 3.19
500 /u
Transmitted light optical micrograph of the transverse 
ply section opposite to the one presented in Figure 3,18 
showing growth of existing flaws (circled) and cracking 
at the longitudinal/transverse ply interface (arrowed)
FIGURE 3.20
The development of cracking in the transverse 
ply of a (0,90,0) epoxy laminate coupon (LTC-4) 
after immersion in 0,3M sulphuric acid for 24h
500^
kAfter post-curing (jh @ 13O C)
FIGURE 3.21 After 24h in 0.5% ELSO,
^ 4-
Growth of an existing flaw in the transverse 
ply of a (0,90,0) epoxy laminate coupon (LTC-4) 
after immersion in 0.5% sulphuric acid for 24h
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FIGURE 3.22
Discrete transverse toy/ coupon cut out plan showing 
that coupons 1-t all contain sections from tows 1-11
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FIGURE 3.23
Development of 
transverse cracks 
with increasing 
strain in coupons 
from laminates 
D-2 (above) and 
D-3 (right) after 
150°C post-cure
FIGURE 3.24
500 /ii
Optical micrographs of the transverse ply edge of 
a discrete tow coupon showing cracks which have 
propagated into the resinous areas of the ply
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FIGURE 3.23
Plots of transverse tow failure strain v tow number 
for three coupons, post-cured at 150°C (top), 125°C 
(centre) and 100°C (bottom), from laminate; type D-2 
containing discrete transverse tows spaced 2mm apart
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FIGURE 3.26
Plots of transverse tow failure strain v tow number 
for three coupons, post-cured at 130°C (top), 125°C 
(centre) and 100°C (bottom), from laminate type D-3 
containing discrete transverse tows spaced 3mm apart
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FIGURE 3.27
Optical micrographs fï’om discrete transverse tow 
coupons showing glass fibre tows which were unfailed 
after testing (top), failed at about 0,9^ strain 
(centre) and failed at below 0.7^ strain (bottom)
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FIGURE 3.28
Transverse failure strain v fibre volume 
fraction for discrete transverse tows in 
coupons ffom D-2 (o) and D-3 (A) laminates
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FIGURE 3.29
Typical stress/strain curve obtained 
during extension of type R laminates 
containing a transverse ply of resin
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FIGURE 3.50
The failure of a type R laminate coupon 
showing hairline cracks in the resin ply
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FIGURE 3.31
Whitening of fibres on the surface of a discrete transverse tow 
coupon (D-3) after 2 months contact with 0,5M sulphuric acid
30 Days 35 Days 
FIGURE 3.32
40 Days
Damage accumulation during stress corrosion 
of a discrete transverse tow coupon (D-2)
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FIGURE 3.33
Stress corrosion failure of a discrete transverse 
tow coupon (D-2) post-cured at 100°C after 27 days 
contact with 0,5M sulphuric acid at 1.1% strain
FIGURE 3.34 500^
Transmission optical micrograph of 
stress corrosion damage to the 
circumference of a tow contained 
in an apparently undamaged coupon 
from laminate D-3 after 60 days 
exposure to 0.3M sulphuric acid
FIGURE 3.35
Stress corrosion cracking in discrete transverse tows 
from laminate D-2 after exposure to 0,5M sulphuric acid
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FIGURE 3.36
Cracking of the resin below the surface in a 
stress corroded discrete transverse tow coupon
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FIGURE 3.37
Polarised light micrographs of transverse tows. Light 
areas correspond to stress concentrations (circled)
Stage 1
LI
stage 2 Stage 3
500/X
FIGURE 3.38
Sequence of damage initiation and propagation typical 
of corroded (0,90,0) epoxy/glass laminate coupons
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Type E (standard silane coupled fibres) epoxy laminate
Type ES (starch sized fibres) epoxy laminate
Type ER (rubber sized fibres) epoxy laminate
Type EC (carbon interior fibres) epoxy laminate
Type P (standard silane coupled fibres) polyester laminate
FIGURE 3.39
Photographs of the corrosion damage to various types 
of coupon exposed to 0.5M sulphuric acid for 2 months
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FIGURE 3.40
Visihle-ultra violet spectra of 0.5M solutions 
of sulphuric acid a) after and h) before 2 months 
contact with a (0 ,9 0,0 ) epoxy/glass laminate
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FIGURE 5.41
Visible-ultra violet spectra of solutions of 
0.5M sulphuric acid after 1 month in contact 
with b) glass fibres and a) epoxy resin
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FIGURE 3.4 2
Scanning electron micrograph of 
damage by 0.3M sulphuric acid to 
silane coupled fibres embedded in 
a (0 ,9 0 ,0 ) epoxy/glass laminate 
A layered structure is circled
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FIGURE 3.43
EDAX analyses of the circled fibre in Figure 3.42 
taken a) from the surface scale and b) from the fibre
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FIGURE 3.44
A typical EDAX
analysis of fibre 
fractures shown 
in Figure 5.42
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FIGURE 5.45
SEM micrographs of deposits formed in an epoxy/glass 
laminate exposed to 0.5M sulphuric acid for 2 months
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FIGURE 5.46
Typical EDAX analysis of the deposits shown in Figure 5.45
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FIGURE 3,47
SEM micrograph of calcium 
sulphate deposits on starch 
sized glass fibres after a 
type ES laminate coupon had 
been exposed for 2 months 
to dilute sulphuric acid
FIGURE 3.48
SEM micrograph of corroded 
transverse carbon fibres 
after 10 days exposure 
to dilute sulphuric acid
FIGURE 3.49
SEM micrograph of carbon 
fibre debonding in a type 
EC (0,90,0) laminate coupon 
corroded after 10 days 
in dilute sulphuric acid
W / i FIGURE 3.30
SEM micrograph of resin 
damage observed at the 
transverse / longitudinal 
ply interface of a type 
EC laminate coupon after 
10 days contact with 0,5M 
sulphuric acid solution
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FIGURE 3.51
Scanning electron micrograph of 
the surface of a (0,90,0) epoxy 
laminate coupon after 2 months 
contact with 0.5M sulphuric acid
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FIGURE 3.52
EDAX analyses of a) glass fibres and b) corrosion 
debris taken from the region shown in Figure 3.51
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FIGURE 3.33
EDAX analyses of a) glass fibres and b) corrosion debris 
taken from the unexposed region of a (0 ,9 0 ,0 ) glass/epoxy 
laminate above the level of the 0.5^ sulphuric acid cell
FIGURE 5.54
Scanning electron micrograph of 
the transverse/longitudinal ply 
interface of a polyester/glass 
laminate coupon (type P) after 
2 months in 0.9M sulphuric acid
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Coupon exposed to 0,5M sodium bisulphate for 6 weeks
I
Hi
Coupon exposed to 0.5M orthophosphoric acid for 6 weeks
Coupon exposed to 0.5M hydrofluoric acid for 6 weeks
Coupon exposed to 0,5M sodium hydroxide for 2 weeks
FIGURE 5.55
Photographs of (0,90,0) epoxy/glass laminate 
coupons after exposure to various environments
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FIGURE 3.56
Daily rates of environmental absorption by (0,90,0) epoxy laminate 
coupons indicating the commencement of Stage 1 and Stage 3 damage
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FIGURE 3*57
Visible-ultra violet spectra of 0.5M solutions of 
sodium bisulphate a) after and b) before 6 weeks 
contact with a (0 ,9 0 ,0) epoxy/glass laminate
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FIGURE 3*58
Visible-ultra violet spectra of 0,5M solutions of 
orthophosphoric acid a) after and b) before 6 weeks 
contact with (0,90,0) epoxy/glass laminate coupons
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Visible-ultra violet spectra of 0.5M solutions of 
hydrofluoric acid a) after and b) before 6 weeks 
contact with a (0,90,0) epoxy/glass laminate
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a) 0.5M sodium hydroxide after contact with laminate
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FIGURE 3.60
Visible-ultra violet spectra of 0.5M solutions of 
sodium hydroxide a) after and b) before 2 weeks 
contact with a (0,90,0) epoxy/glass laminate
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FIGURE 3.61
SEM micrographs of corrosion in a glass/epoxy laminate a) above and
b) below the level of a face-cell filled with sodium bisulphate
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FIGURE 3.62
EDAX analyses of
a) blister and
b) fibre from 
the micrograph 
presented above 
in Figure 3.61a)
b) Analysis of fibre adjacent to blister
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FIGURE 3.63
EDAX analysis of the deposits circled in Figure 3 «61 a)
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FIGURE 5.64
EDAX analysis taken into the fibre fracture shown in Figure 3.6lb)
s
FIGURE 3.65
Scanning electron micrograph of 
a Stage 1 transverse crack in 
a (0 ,9 0 ,0 ) glass/epoxy laminate 
after corrosion by sodium bi­
sulphate. Localised calcium 
sulphate deposits are circled
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FIGURE 3.66
Scanning electron micrograph of 
fibre/matrix debonding in a 
(0 ,9 0 ,0) glass/epoxy laminate 
after 6 weeks exposure to a 
O.3M sodium bisulphate solution
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FIGURE 3.67
Cr fVi Fe Co Ni
EDAX analysis of deposits formed on the surface of a (0,90,0) 
glass/epoxy laminate during exposure to sodium bisulphate
I
FIGURE 3.68
Scanning electron micrograph of 
the transverse/longitudinal ply 
interface of a (0,90,0) glass/ 
epoxy laminate after 6 weeks 
exposure to orthophosphoric acid
FIGURE 3.69
Scanning electron micrograph of 
a section from a (0,90,0) glass/ 
epoxy laminate after exposure to 
orthophosphoric acid showing the 
fibre/matrix interface to be 
largely undamaged (circled)
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FIGURE 3.70
Scanning electron micrograph of 
corrosion debris deposited in a 
transverse crack in a (0 ,9 0 ,0) 
glass /  epoxy laminate exposed 
to 0.5M orthophosphoric acid
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FIGURE 3.71
EDAX analysis of the deposit shown in Figure 3.70
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FIGURE 3.72
Scanning electron micrograph of 
blisters on the surface of glass 
fibres in a (0,90,0) glass/epoxy 
laminate after 6 weeks contact 
with 0.5M orthophosphoric acid
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FIGURE 3.73
EDAX analyses of 
a,) a blister and 
b) an adjacent 
area on the fibre 
surface presented 
in Figure 3.72
b) Analysis of fibre
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FIGURE 3.74
EDAX analysis of 
a fluid observed 
bubbling out from 
the blisters shown 
in Figure 3.72
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FIGURE 3>75
Scanning electron micrograph of 
unbroken glass fibres (arrowed) 
lying across a transverse crack 
in a (0 ,9 0,0) epoxy laminate 
exposed to orthophosphoric acid
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FIGURE 3.76
EDAX analysis of deposits formed on the edge of (0,90,0) glass/ 
epoxy laminates during corrosion by 0.5M orthophosphoric acid
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FIGURE 5.77
Scanning electron micrograph of 
corrosion damage in a (0,90,0) 
glass/epoxy laminate after 6 weeks 
exposure to 0.5M hydrofluoric acid
FIGURE 3.78
Scanning electron micrograph of 
a fibre failure observed in a 
section from a laminate coupon 
exposed to 0.5M hydrofluoric acid
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FIGURE 3.79
EDAX analyses of a) the surface layer of 
the failed fibre and b) the deposit arrowed 
in the micrograph presented in Figure 3*78
FIGURE 3.80
Scanning electron micrograph of 
a large particle of debris found 
at the transverse/longitudinal ply 
interface of a laminate coupon 
exposed to 0.5M hydrofluoric acid
